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SECTION 1
ULTRASONIC ATTENUATION 1IN ALKALI SILICATE

GLASSES BETWEEN 80 and 300°K

Introduction

et SR

The acoustic loss spectra for almost all glesses having
tetrahedral structure exhibit very interesting features at low
temperatures [1-8]). For instance, a large attenuation peak is
observed for fused silica at 48°K. Anderson and Bommel (1)
suggested that the observed attenuation in the low temperature
region 1s related to the transverse motion of oxygen atoms in
the Si-0-S1i bridge. The oxygen atom can assume any of two or
more equivalent positions around the straight angle. The dis-
placed oxygen atom requires a small activation energy (1340
cal/mole) to return to its original position, thereby causing
ultrasonic loss. Based on the same structural concept but
assuming longitudinal rather than transverse motion of the oxygen
atom in the $1-0-Si bridge, Strakana [{2,3)]) developed a theory to
explain the loss peaks for 8102, Ge02, 3203.and A9203 glasses.
Although both of the theories offer a good explanation for
acoustic loss they do not explain any of the other anomalous
properties of fused silica such as negative thermal expansion,
positive temperature derivatives of elastic moduli, negative
pressure derivatives of elastic moduli, and excess specific heat.
Moreover, neither theory is compatible with the X-ray data on
oxygen arngle distribution [9]. Recently, Vukcevich [9] has

developed a new 'two minima potential' model to explain most
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ot the anomalous properties of fused silica including anomalous

acoustical properties, the model being {in agreement with the

1
:

X-ray data., According to this model, the vitreous network has

a tendency to assume certain values of the Si-0-51i angle. These
angles are grouped around two crystalline phases, namely , and g
phases, separated by a potential barrizr. The activation energy
required for a rotation from o, to 8 phase is,éery close to the
activation energy calculated for dielectric!;nd acoustic loss.
The Vukcevich theory thus offers very goqé explanation for

;

the relaxation mechanism. '

A review of the work on_glasses show; that not much attenua-
tion work has been done in alkali ailicq%e glasses at ultrasonic
frequencies. The results of ultrasoniqfattenuation at 30 MHz {in
M O-SiO2 glasses (where M is lithium,fsudium,or potassium)

2
are presented here in the temperature range of 80 to 300°K.

Three
relaxation mechanisms are possible for slkali silicate glasses--
the low temperature structural relﬁxation involving a small
activation energy caused by oxygen atom vibration in the Si-0-Si
bridge [1,2], the alkali 1on-migfation-type relaxation occurring

at relatively higher temperature (4,10,11,15], and the relaxation

i

caused by phase transformation near the phase tranaition tempera-
ture, T [12,15]. However, 1a the present temperature range and

frequency, only structural relaxation and some part of thealkali-

migration is observed.

Experimental Methods /

Alkali silicate glaqhea, synthesized at the National Bureau
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of Standards, Washington, D. C., and fused silica (Corning Glass
Works code 7940) were used in this study. Table 1 contains the
chemical composition of the glasses along with their annealing
temperatures. Right circular cylinders of 1.9-cm diameter and
~ 1.2-cm length were cored, and the end faces of these specimens
were polished so that they were parallel to within 1 part in 10[0
and flat to * 1/2z wavelength of sodium light.

A modified pulse-echo-overlap method developed by Chung et
al. [13] was used for measuring ultrasonic attenuation at low
temperatures. The block diagram of the experimental setup is
shown in Figure 1. This method is essentially a pulse-echo
method with a few variations in the velocity measuring technique.
In this method, the pulse repetition frequency is divided by 100
or 1000, and the RF pulse generator is triggered at the divided
frequency. However, the oscillo3cope is triggered externally
by the repetition rate generator so that a cycle-for-cycle
match of all echoes is observed. Selective intensification of
a palr of echoes {s effected with a two-channel 'strobe' delay
generator contained within the attenuation recorder (Matec model
2470) and with output to the Z2-axis of the scope. These strobes
simultaneously open two gates within the attenuation recorder

80 a8 to select the video forms of the same two echoes from the

echo train. Following peak detection, the logarithmic difference

of the two echoes 1s measured and displayed on the X-Y recorder.

In practice, attenuation measurements have an accuracy of 1%

and a resolution of 0.2 db. The method allows a continuous

it D N WA X ke o b e = Je i Th

PR TR e e e A bt R e L N a0 ¥ st B i Bt MR

3
3
F
i




NI TR IR PR TSI T TW I ot g - S e o

%
¥
ok 4=
Lk
i g
Co
i
8
: E Teable 1. Chemical composition, density and annealing
! ¢ temporature of the alkali silicate glasses. .
(R Also tncluded are data for fused silica (CGW
oot 79495) (1, 3, 8)
) ¢
ook
g ; Composition Density Annealing Temp.
. Glass Mole % *C
[ Ho0  Si0-
F % , S10,
N
0o CGW 7940 0 100 2.207 1620
oot (fused
; ; silica) L1,0-810, Glasses
] 2 2 :
| x-199 20 80 2.282
K-154 2s 15 2.306
K-171 28 72 2.322
X-163 30 70 2.331
K-162 3s 65 2.348
K-197 s 65 2.349 . 4
Na,0 - 810, Glasses X
K-110 10 , 90 2.288 575 k
K-111 15 8s 2.336 540 {
K-112 20 80 2.383 520 g
K-113 25 78 2.431 510 3
K-114 30 70 2.474 495 3
K-115 35 65 2.495 475 ‘ S
K-116 40 60 2.520 450 o4
.
b
xzo - 8102 Glasses *‘ é
i3
K-196 15 8s 2.337 % i
X-194 20 80 2.380 g 3
X-192 25 15 2.422 p @
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monitoring of the attenuation as a function of temperature,
and resolving any relaxational phenomena within the absorption
spectra.

Twenty MHz, X- and Y-cut, 6-mm diameter, quartz transducers
were bonded to the specimen with either Nonaq (Fisher Scientific
Co.) or DC 200 silicon fluid (Dow Corning) having viscosity of

12,500 cs.

Besulta and Discussion

The composition dependence of 30 MHz longitudinal, ap.
and shear attenuation, oy, was investigated in 17 alkali silicate
glasses at room temperature, Of these, seven were LtZO-Sioz.
seven Nazo-8102. and three K20-Sio2 glasses. The results of
attenuation versus the Mzo content, listed in Table 2 and plotted

in Figure 2, show that both the o  and o4 generally increase

P
with the M20 content., As compared with the nearly linear
composition-dependence of ap» the o4 varies curvilinearly with
composition, the concavity of the curves being toward the
composition-axis. Among the glasses studied, the N020-81O2

glasses have highest o and g4 values. For given MZO content,

P
ap value increases in the order of Na > K > Li glasses, whereas

the o4 value increaces in the order of Na > L1 > K glasses (Fig.
2). The best-fit equations relating the linear dependence of

op and quadratic dependence of o4 to the M,0 content, M, respec-

tively, for the three types of alkali silicate glasses are listed

in Table 3.
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Tebdle 2. Composition Dependence of 3O MHs Longitudinal and
Shear Attenuatfon f{n Alkali Silicate GClasses

— o
—_—— = e

' g Composition, Mole % Attenuation, db/cm a Ja
S AP
fﬁ ¥ Glass No. N,0 snoz Longitudinael Shear
L d
t[ p (ay) (a,)
H 3 L120-8102 glasses
' », —
* % X-199 20 80 3.50 6.97 1.99
! ? K-156 23 15 4.03 7.60 1.89
E; ) K-171A 28 72 4.82 8.9% 1.86
H § K-163 30 70 5.11 9,12 1.78
b x-170 32 68 5.06 10.18 2.01
: §. K-162 L} 65 5.37 11.01 2.0s
Ff ; X-197 IS 65 $.36 10.90 2.03
S
¢
& N 0
? 020-51 2 glasses
A
: K-110 10 90 2.60 S.40 2.08
% K-111 15 85 3.70 7.61 2.06
P K-112 20 80 4.31 9.22 2,14
‘ K-113 28 75 $,12 11.95% 2,33
§ X-114 30 10 6.12 14. 89 2,43
;~ X-115 35 6 7.05 17.73 2.52
§ K-116 40 60 7.90 20.21 2.5%6
N 120-8102 glosses
: K-196 15 85 2,51 5.35 2.13
? K-194 20 80 3,27 7.09 2.17
\ K-192 25 7% 3.68 8.90 2.29
!
!
4.
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v
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Fig. 2. Composition dependence of ultrasonic attenua- -
tion of longitudinal and shear waves in alkali
silicate glasses at room temperature.
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Table 3. Results of the analyses of data in Table 2, expressed as
@ = A + BM and u‘ = C + DM + EMZ, where M is mole 2% M20-

Units of @ and o, coefficlents A and C: db/cm; B and D:

db/cnu mole %; and E: db/cm (mole 7'.)2

Best-Fit Values

Best-Fit Values

Correlation Standard
Glass Type A B Coefficient c D E Deviation
L120-8102 1.040 0.127 0.969 6.350 -0.116 0.0071 0.26
N¢20-8102 0.898 0.174 0.998 1,845 0.314 0.0038 0.32
K20-8102 0.480 0.137 0.998 0.550 0.299 0.0014 0
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For the alkal. silicate glasses investigated, the ratio

Gs/ap ranges between 2 and 2.6, being Vv 2 for L120—5102 contain-

ing 10 mole % L120, slightly decreasing and then increasing with

increasing M; for the Na20-5102 and K20-SiO2 glasses, the ratio
monotonfically increases from v 2.1 (for 15 mole % KZO) to v 2.6
(for 40 mole % KZO)'

The frequency (f) dependence of ap was studied in the 10 to

90 MHz range for the 10 alkali silicate glasses in which M,0

2
content varies from 15 to 40 mole %. Results are given in Table
4., The relationship between up and f for the three alkali sili-

cate glasses, containing 25 mole % M,0, is shown in Figure 3A

2
Figure 3B is a similar dp versus f plot for the three types of
alkali silicate glasses for which the frequency dependence of
Gp was studied in the maximum frequency range.

As can be seen in Figure 3, relationship between Gp and f
is linear, within experimental errors, for all the glass compo-
sitions studied. By assuming an exponential relationship of
a to f (as was commonly found), Gp = kgc' where k and X are
congstants, we calculated X to be 1 (1.00 * 0.09) for all the
glass compositions. This then excludes any possibility of
Akhieser- type phonon-phonon interaction loss, which would have
ylelded values of X >> 1., The attenuation Gp was also found to
be independent of the power of the ultrasonic generator (within
receiver linearity), which shows that the attenuation is not
hysteresis~-type loss.

The temperature dependence of ap and as at 30 MHz, inves-

tigated in the range of 80 to 300°K for seven lithium and three
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1 . Table 4. Frequency dependence of longitudinal attenuation (o ) in alkaltl
: silicate glasses; k and xx, are the best-fit values Pfor the
d assumed relation orP “« kf
B
] .
7 @ , db/cm k
E'. Glass No. P xX
¢ and Frequency, MHz db. sec/cm
M ; Composition* 10 30 50 7 90 110
kb U —
£k -
10310y piesees
lg K-199 (20) 1.30 3.50 6.17 8.60 11.90 14.43 -0.917 1.011
E ' K-154 (25) 1.79 4.03 6.80 10.31 -0.651 0.882
B K-163 (30) 1.99 S5.11  8.75 12.79 -0.662  0.948
Sy
Bk K-162 (35) 2.05 5.37 9.11 12.71 -0.636 0.941
% 3
‘: }. NBZO-Siozglast—xf‘a—
A1 K-113 (25) 1.75 5.12  9.07 13.23 16.35 -0.794 1.03
g
’f‘; K-115 (35) 2.54 7.05 11.75 -0.546  0.948
‘IE ) X-114 (40) 3.0 7.90 13.2 <0.441  0.914
'Iu
,% 1(20-81.02 glasses
Y
¥ K-196 (15) 83 2.51 4.45 6.63 $.53 11.49 -1.207 1.105
SR & R
% K-194 (20) 1.01 3.27 5.72  8.46 -1.087 1.088
Sk K-192 (25) 1.26 3.88 6.63 -0.948  1.041
.
é HZO content of glass {8 given in parentheses. {:
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Fig. 3. Frequency dependence of longitudinal wave attenua- ' g
tion in alkall silicate glasses at room temperature. : :;]
(A): alkali silicate glasses containing 25 mole % MZO; 1
(B): the three types of alkali silicate glasses for which ¥
frequency dependence of o has been examined in maximum 43
frequency range. P oA
: § &
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potassium silicate glasses, are presented Iin Figures 4-7,

Similar data for seven sodium silicate glasses were reported

in an earlier paper [l4] and are reproduced in Figure 8. One

of the important findings of the previous study of N820-8102
glasses [14] was the broadening of the low-temperature attenuation
peak (observed at ~ 47°K in fused silica) with increasing Nazo
content, which was explained as being caused by either thermal
broadening [1], or a wider distribution of activation energles,
or superposition of the high-temperature alkall fon relaxation,
the latter possibility existing at least for the low-silica
glasses. The other important finding was the shift of peak
attenuation temperature toward higher temperature with increasing
Nazo content (see Fig. 8). 1In view of this and the limited
temperature range (80 to 300°K) of previous and present studies,

the low~temperature attenuation peaks below 80°K could not be
observed for the low-alkali glasses., 1In the study of N820-8102
glasses [l4], the attenuation peak above BO°K was observed for
only those which contained 20 or higher mole 7 NaZO (Fig. 8).

In the present study of the lithium silicate glasses, the corre-
sponding low-temperature attenuation peak is not observed for any
of the glasges (Fig. 4); the attenuation peaks presumably occur
between 47 and 80°K, more so near 47°K, which is outside the
temperature range of our study. In Figure 5, showing temperature
dependence of op for the three potassium silicate glasses, we
observe an attenuation peak at ~ 103°K for the K 192 glass which

contains 25 mole % KZO' The temperature dependences of gy for
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: those glasses (Figa. 6 and 7) follow the same trenda as their

L temperature dependence of ap (Figs. 4 and S5). A comparison of the
trends in the ap versus temperature curves for the K20-3102

glasses (Fig. 5) indicates that the attenuation peak for the K

194 (20 mole % KZO) and K 196 (15 mole 7% KZO) glasses would be

observed at temperatures below 80°K.

In order to examine the low-temperature structural relaxa-

tion, it would be of interest to find if the attenuation peasak

in Kzo-SiO2 glasses shifts in a trend similar to that in Na20-8102

glasses, by extrapolating che attenuation versus temperature

curves. Because of the broadening of the peak, there is signif-

icant uncertainty in predicting the peak attenuation temperatures

in this manner, especially for the low alkall glasses, as was the f
case for the glasses K 110 and K 111 (Fig. 8) [14]. Nonetheless, 3
an examination of Figures 4 and 6 indicates a strong support for 3
4

our previous finding that the peak attenuation temperature does §
shift toward higher temperature with increasing alkali content. %
a4

%

This point may be further tested by conducting experiments in the %
50 to 80°K raunge. ;
In order to examine the low-temperature structural relaxa- , 5

tion mechanism present in fused silica and also in alkali i g
1 L

H ]

silicate glasses, 1t would be of interest to compute, from the : z
frequency dependence of peak sound attenuation temperature, the f
k|

most probable activation energies for different alkali concentra- ¢
P

tions. A8 attenuation data at different frequencies are not yet i 3
3 ‘

available, no attempt can be made to calculate the activation i 3
|
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energies. HRowever, from the shift of the peaks to higher

temperatures, it {8 suggested that in some systematjc fashion

: the activation energy (s Ilncreasing with increasing alkali

obscure the low temperature side of the attenuation curve, at

| content.
t Although the high temperature alkali relaxation seems to

least for low-silica glasses, it {s clearly indicated by the
magnitude of the attenuation curves that the magnitude of the
peak attenuation (see Figs. 4, 6 and 8), and thus the relaxation

strength, decreases with increasing alkali concentration,

However, this behavior is8 not observed in potassium silicate

glasses (Figs. 5 and 7), which could be because of a relatlvely

slower decrease of K ion relaxation strength with temperature.
Phenomenologically, the attenuation process can be interpreted

on the basis of & structural model in which the alkali molecule
modifies the existing Si-0-Si bridge. This modification may
result in the formation of a weaker Si-0-M bond or an unbridged
§1-0 bond. The former type of modification would impede the
movement of the oxygen atoms, and since the movement of the
oxygen atom is assumed to be the cause of attenuation, this would

result in a decrease in attenuation accompanied by an increase

) AT e S BNACR ot Wi BN FERY ot oSS coich $5500r AREUR G

in the activation energy. The latter structure would, however,
make no contribution to the attenuation yx. In other words,

loosening of the structure occurs with the addition of alkalid

ions. This {8 compatible with the internal friction data at -

low frequencies [10],.
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Figure 9 shows the temperature dependence of longlitudinal
attenuation {n the three types of alkali silicate glasses con-
taining 25 mole 7 Mzo. It appears that the effect of alkalt
ions on the peak attenuation temperature is increasing in order
of LI > K > Na. No comments can be made on the intensity of
structural relaxation peak as it is hard to resolve from alkali
ion relaxation contribution,

At 30 MHz, one would expect to observe alkali {on relaxation
as temperature-dependence of longitudinel and shear attenuation
increagses with increasing alkali content. The effect of composi-
tion on the internal friction at much lower frequencies for

Na.,0-S10, system, studied by Forry [10], shows an increase in

2 2
intensity and decrease in peak temperature as the Nazo content
increases. 1In light of this and our results (Figs. 4-5 and 9),
{t may be concluded that the high temperature attenuation peak
would shift toward lower temperature, accompanied by a decrease
in the activation energy, with increasing alkali content. A
similar shift in the high temperature relaxation is also observed
for the Nazo-ceo2 system [12]. However, because of the limited
temperature data, no comparative study on the strength of alkali
ion relaxation can be made. It is desirable to investigate
further the composition dependence of alkali ion relaxation at

high temperatures and low frequencies in the alkali silicate

glasses.
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SECTION 11

ELASTICITY OF ALKALT SILTCATE GLASSES

The elagstic parameters of the 21 glarses in the
systems L120-3102. N320~5102, and K20-5102 with systematic
compositional variation (M20 content varying from 10 to 55
mole %) have been investigated both at ambient pressure and
temperature as well as to 5 kbar and to 300°C. The
results are given in Table 1. 1In a given MZO—SiO2 glass
system, the elastic properties can be related to the Mzo con-~
tent or SiOZ/MZO ratio. The composition-dependence of the
moduli is shown in Figures 1 through 3. The L120—3102 glasses
behave differently from the Na20-8102 and KZO—SiO2 glasses
in that the addition of MZO causes an increase in Young's and
shear moduli in the former and a decrease in the latter. The

bulk modulus, however, increases in all three cases, It

appears that L120 does not weaken the silica structure, in

contrast to the role of Na20 and K20.

Figures 4 and 5 show the relationships between dK/dp, du/dT,
dK/dT, and composition. The present results confirm the
earlier findings that the anomalous behavior of silica-based
glasses (decrease of moduli with pressure) can be quantita-
tively related to the SiO2 content. Figure 6 shows a relation-
ship between (d %n u/dP) versus Poisson's for the alkali
silicate glasses, which compares well with the other tetrahe-

drally coordinated glasses like S{OZ, Geoz,and BeF, (171.
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Fig. 1. Young's modulus versus mole % MZO
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SECTION 111
THERMAL EXPANSIVITY OF ALKALI SILICATE

GLASSES BETWEEN 25 AND 300°C

Introduction

A s8o0lid expands on heating because the atomic configuration
corresponding to minimum free energy changes with temperature.
Contributions to the free energy and hence to the thermal
expansion of silicate glasses arise mostly from the kinetic
energy of lattice vibrations and to a significantly lesser degree
from potential energy of the atoms in the lattice.

It has been shown {1-3] that those vibrations in a network
for which volume dependence of vibrational frequency (dw/dV) 1is
negative make a negative contribution to thermal expansion.

In silica structures such a negative contribution arises from
the low frequency transverse of oxygen atoms between pairs of
tetrahedrally coordinated atoms [4,5]; such vibrations are
relatively more easily excited at low temperatures (6].

Smyth [5] has pointed out that ideally transverse vibra-
tion of oxygen atoms would be freest if the S1-0-Si angle were
180°. 1In fused silica this angle is around 148° but the trans-
verse oxygen vibrations still contribute to the negative
thermal expansion at low temperatures. At room temperature
and above, fused silica has a small positive coefficient of
thermal expansion, which indicates that these transverse modes

are operative at room temperature and are, to some extent,
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contributing negatively to the thermal expansion. Investigation
of the thermal expansivity of alkali silicate glasses should
provide a better understanding of the role of the transverse
vibrational modes in the glass properties.

Additions of alkali oxtide (MZO) to silica results 1in
network-filling, breaking of the Si-0-S1i bonde and formation of
veaker Si-0-M bonds, and modification of the S1-0-Si angles.
The strength of the dinding forces between H+ and 02- ions,
and the polarizability of 02- ions will algso vary with HZO
content. Previous studies of the thermal expansion properties
of alkali silicate glasses [7-10] show that the expansivity
depends on the type and amount of M20 present.

The purpose of this research is to systematically inves-
tigate the effects of composition as well as temperature on
the thermal expansion properties of binary M20-8102 glasses,
where M {8 Li, Na, and K, and to interpret the results in
terms of structural changes and the variations in restoring
forces between metal and oxygen ions, and the polarizability

of 02‘ ions.

Experimental Methods

The Fizeau interferometer method [11,12] was used to
measure linear thermal expansivity of 22 alkali sili-
cate glasses (which included eight L120-8102, eight N320-8102-
and six K20-8102 glasses; see Table 1) as a function of

temperature in the range of 25 to 300°C. The furnace assembly,
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Table 1. Chemical composition, the temperature dependence of linear

. thermal expansion of alkull sillicete glasses, exprensed as
°L(T) - Ao + Al T + Az Tz. and the calculated ay values at
25°C. Unite: o, n 1078/°c; Ay in 1074/, A, in 1078/
(*©)2; A, tn 1078/(*)3
Composition, .
Glass —Molex a,
No. 810, M,0 A, A Ay’ (25°¢)
L120-8102 Glanses
X-199 80 20 -1.329) 5.202 0.46062 5.43
K-154 75 23 -1.6713 6.569 Q. 46248 6.80
K-171 12 28 -1.9034 7.458 0.62239 1.7117
X-198 72 28 -1.8254 7.133 0.07322 71.47
K-163 70 30 -1.9721 7.720 0.67216 8.06
K-17¢ 68 32 -2.1431 8.396 0.70609 8.75%
X-162 65 3s ~2,1546 8.432 0.74706 8.81
. X-197 65 35 ~2.2317 8.7%M? 0.85621 9.17
NAZO-SIOZ Glasses
) K-110 90 10 -1.0586 4.193 0.16548 4.12
K~-111 85 15 -1.7975 7.149 0.16474 7.23
K-112 80 20 -2.3707 9.421 0.246213 9.67
k-113 75 25 -2.667 10,509 0.63500 10.83
K-114 70 3o -2.9657 11.666 0.78764 12.06
K-118 63 35 ~3.4432 13.576 0.7868S 13.97
: K-116 60 40 -3.5612 14.193 0.89775 14.64 :
; X-117 55 45 -3.9575 15.522 0.98450 16.01 k
j i
! K,0-310, Glasses é
g K-196 85 135 ~2.1892 8.727 0.12064 8.79 5
| K-194 80 20 -2,.7581 10.928 0.41740 11.14 K
K-192 75 25 -3.3162 13.150 0.48740 13.39 ﬁ
K-191 70 30 -3.9197 15.557 0.48657 15.80 >
X~189 65 35 -4.2321 16.766 0.64989 17.09 i
N K-187-1 60 40 -4.6186 18.270 0.81867 18.68 ?
]
q
i
1
3
T e SR o M bl s § st bl i i A At . et i N . ‘ N d
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interferometer, the photoelectric fringe detector, and viewing
ﬂ ; apparatus, manufactured by the Gaeriner Scientific Company,

were used in the experiments.

Test Specimens. The same alkali silicate glasses employed

in the attenuation study (Section 1 of this report) were used.
The test specimens were prepared by coring out three 6~mm-dia-
meter, 10-mm-long cylinders from each glass; these were flat-
ended at one end and :toned at the other (at 45°). Both ends
were then polished with l-micron diamond compound optically
flat to (1/4)X of green mercury light. The difference in

length of the three speclmens was between 0.01 and 0.02 nnm,

1

which resulted in formation of 7 to 10 fringes. i
* 3
{

Temperature Cvcles. Temperature of test specimens during

the heating cycle was continuously increased every 8 to 10 minutes at
an approximate rate of 50°/hour. The fringe count and tempera-
ture were continuously monitored with a strip-chart recorder
and a precision potentiometer. The initial temperature (To)
was taken as 25°C.

During the cooling cycle, the temperature of the specimens
decreased at a slower rate--30°C/hour. The initial temperature

(To) in the cooling cycle was chosen as 300°C.

Theory of Interferometer Method. The method involves

observing passage of Fizeau fringes, formed by interference of

1{ght beams reflected from two almost parallel glass surfaces ;
5

separated by a distance. The condition for destructive

i v e e geam e

aauzuno o
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interference is NAV = 2nd, where N i{s an integer, Av is the
wavelength of light in vacuum, 7 18 the optical index of medium,
and d is the optical distance between the two surfaces. For
constructive interference the condition 18 (N 4 1)\ = 2nd.

The number of fringes crossing the field of view will depend

upon optical path, that i1s, on the initial length and the expan-
sivity of material under investigation. If the initial length

of the test specimen and the optical index of the air at tempera-

ture To are Lo and nos respectively, wve have

N = 292 (1)

In the present case we used the green mercury light, for which

Av = 5.461 x 10‘"5 cm. Similarly, at a higher given temperature

Tl’ we have
. 2
ﬂl - 'rv (no 4+ An) (LO+AL) (2)

where An and AL are the changes in n and L, respectively. In
the Fizeau interferometer method used here, the fringe count

m = (N1 - No) and 1s related to AL as:

- ZROAL + ZLOAn (3)
AV

Therefore, the coefficient of linear thermal expansion

(al) 1g:
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it where AT = T, - T
‘ ]_ 1 0
!
! Calculation of a,
E The number of fringes varies as a function of temperature
! and can be expressed at reference temperature Tl and initial
§ temperature T asfollows:
N = a+ a,T, + a,T 2 (5A)
1 171 271
and N = a + a.T + a TZ (5B)
o 1o 270
where Nl and No are number of fringes at T1 and TD, respectively;
a, a, and a, are the coefficients. 1If T1 > To the number of
fringes increases from To to Tl; the thermal expansion (AL/LO)
can then be derived from eqs. (4) and (5):
(—A—Ii> = mA /2L n_ - An/n_ = mK -K 5
. L v 0o o o o 1 4
;; o’ :
3 L]
| = K fa, (T, - T) + (TZ-TZ)]-K (6) :
} olﬁl 1 o 2t o 1 ﬁ
! - k!
% where Ko - XV/ZLonO, Kl Anolno , and P signifies a case of | é
f increasing temperature (Tl > To). In the case of decreasing :‘ﬁ
§ temperatures (T2 < To), the number of fringes decreases with : 3
; decreasing temperature (case Q). Assume in this case N2 and : 3
o
P
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NJ to be the»number of fringes at T2 and To' respectively.

The corresponding equations are:

N. = b+b.T. +b. T2 (74)

1
- 2
N b + blTo + b L (7B) |

In this case, the thermal expansion is negative and the corres-

et A < pn e e s

ponding relationship to eq. (6) is given by

ALY . [ 2_q2)] :
( L°>Q mK o+ Kyo= - Koo b (T, = T)) 4+ b, (T -TH] Ky (8) ;

%
: P
From eqs. (6) and (8), the mean value of thermal expansion is |
P
. given by: C
| SN
®, @
I L K Pl
<é¥> o” P v Q . ‘o [- T (a. - b.) DY
L 2 2 0?1 1 .
0  mean Fg
| 3
o

i
To(ay = b)) + Ty(a; - b)) + Ty(a, - bz)] :

2
K[A + BTl + CTl ] (9)
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B = (a1 - bl) , and

C = (az- b2) .

Therefore, the mean coefficient of linear thermal expansion

(ul) is determined from eq. (10):

(a,) - = (;——
. Mean AT l"0 mean

K 2
T (A + BT, + CT, ) . (10)

The general form of eq. (10) is:
a,(T) = & (A + BT + CT?) (11)
2 AT :

The experimental procedure in the determination of function
az(T) involves first, counting fringes as a function of tempera-
ture and evaluation of the coefficients A, B, and C by the
least-squares method and second, calculation of thermal expan-
sivity (AL/LO) as a function of temperature using eqs. (9) and

(11).
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Results and Discussion

T it 20 L DS AN ey st

Results of the measurements of the fractional length change
(AL/LO), normalized to zero at 25°C, for the three types of

alkali agilicate glasses to 300°C are shown in Figures 1-3. The

least-squares analysis of both increasing and decreasing tempera-

ture data was made to obtain the best-fit expansion versus
temperature curves (Figs. 1-3). The (AL/LO) versus temperature
data were analyzed to obtain best-fit equation expressing the
temperature dependence of oy for each of the glasses: aE(T) =
T + A Tz, where Ao’ A, and A2 are the constant coeffi-

1 2 1

cients for a given glass (Table 1). These relations were then

A + A
o

used to calculate a, at the various temperatues. Figures 4 and
5 show the composition dependence of a, for the three types of
alkali silicate glasses calculated at 25°C and at the three
higher temperatures (100 to 300°C), respectively. As can be seen
from Figures 1~5, the expansivity of the three types of alkali
silicate glasses varies systematically with composition and

temperature.

Thermal Hysteresis. 1In the case of L120-8102 and KZO—StO2

glasses the thermal expansion was investigated as a function of
both increasing and decreasing temperatures (Figs. 1 and 3).
The results show that the expansion values are lower for the
cooling cycle than for the heating cycle. The thermal hystere-
sis effect, caused mostly by the difference in the heating and

cooling rates, is relatively more conspicuous in the KZO-SiO2
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Fig. 4. Composition dependence of the
linear thermal expansion coefficient
(dz) for binary alkali silicate

glasses at 25°C. The dashed lines
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indicate the breaks in the composition §
dependence of a, and the solid lines g

represent the mean curves based on the
present study. The open symbols cor-
respond to Shermer's data [10].
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glasses than in the L120-3102 Rlasses, and may be explained by

N R S "

the larger thermal stresses present in the K 0-8102 glasses due

2

+
to the larger size of the K 1ions as compared to the Li+ ions.

Tt i,

Temperature Dependence of Thermal Expansion. The thermal

expansion of the alkali silicate glasses increases rapidly with

increase in temperature (a, varies as quadratic in temperature).

2

The temperature dependence of ¢

2 is quite zimilar for the three

types of alkalil silicate glasses (Figs. 1-3 and 5). The minor

breaks in the az-composition trends at room temperature (Fig. 4)

|

!

|

i
can also be found to some extent at high temperatures (Fig. 5). b
-

¢

For given M20 content, the relative change in ay with increasing |

|

temperature has the trend: LiZO—SiO2 > NaZO-SiO2 > KZO-SiOZ.

Composition Dependence of Thermal Expansion. The present

room-temperature oy values for the alkali silicate glasses are
in fairly good agreement with the previous data [10], except for
slightly (v10%) lower values for the L120-8102 glasses deter-
mined in this study (Fig. 4). However, the present study con-
firms the earlier finding that, in general, the expansivity of

the alkali silicate glasses increases with increasing M20 content, ;

e AR R T B GE T E_ 1o AdEE

the rate of increase being relatively higher for the low-MZO

glasses (Fig. 4); similar relation between ay and composition

¢

3
i
A
2
3
3
3
g
]
4
4

also holds true at higher temperatures (Fig. 5).

€ e AT Bt st o

To interpret the composition dependence of thermal expansion

we should understand the role of MZO added to 8102 structure.

Besides filling the interstitial space in the silica network
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structure which results in the decrease of the openness of the

sflica structure, the addition of M20 also causes destruction

 er—— oy - -

: of the continuity of the silica structure (Si-0-S1 bonds) and
d formation of the nonbridging oxygens and weaker Si{-0-M bonds
1 which result in the higher expansivity of glass [{7,9,13]. The !
; results plotted in Figs. 4 and 5 show increasing ay with

3 f increasing M20 content., (By corollary, the elastic modull

decrease with increase in M20 content, as mentioned in Section

IT of this report.)

The room temperature oy values of the N820-8102 and KZO-

‘ﬁ ; S10, glasses containing 15 mole % M20 are, respectively, about

2
i} ’ 13 and 16 times that of silica for which a, ~5.5 x 10-7/deg

[Table 1]. Such a rapid increase in the ay upon addition of

small amounts of M20 may be explained by appreciable changes

in the asymmetry caused by the introduction of the nonbridging

02- ions into the "flawless" Bernal liquid structure of silica

oL AR RTINE  sia o et e L

L {14]. (S1-0 bond for a nonbridging 02- fon is stronger than for a
5§f bridging 02- ion). Subsequent additions of M20 bring about
|

relatively less drastic disproportionation of the stronger and

EORI T IIRY £ ST

weaker binding fecrces.

In a finer analysis of Flgures 4 and 5, we can also see

AR SR

\ that (12

'ﬁ» the case of N320-3102 glasses; rather, there are breaks in the

does not vary smoothly with M20 content, especially in

S TEV-REh)

f g al-composition trends (indicated by dashed lines in Fig. 4).

The breaks occur approximately at 30, 28, and 26 M20 mole 7%
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composition ot the LIZO-SIU?, Nu?n-ﬂln? and Kzn-Sinz glasses,

respectively. In all three cases, the oy fncreases above these
compositions. At higher M20 contents, (v32 mole % K20 and 736
mole % NaZO) the respective a, seem to decrease slightly from
the normal trend. Such changes in “Z are not unexpected In

view of the fact that alkali silicate glasses do not have ran-
domness of the silica-alkall structures [14~16] which would

have otherwise produced smooth functions of ay versus M20 compo-
sition. Most probably the formation of superlattice structure
consisting of submicroscopic crystallites causes the ap to
increase.

In the study of thermal expansivity of sodium silicate
glasses, Blau [18] found breaks in the expansivity-composition
curves a. rcertain ratios of bridging and nonbridging oxygens,
and he interprecved this as being some sort of a regularity in
the distribution of the bridging and nonbridging 02 ions.
Parallel to this, we relate the breaks in the expansivity-
composition trends to the varying degress of submicroscopic
heterogeneity in the glasses [14].

The difference in the thermal expansion behavior of alkall
silicate glasses having similar M20 content {s related to the
different polarizability of nonbridging 02‘ fons, which isg
mainly governed by the fleld strength and the size of M+ fons
[(14]. The fleld strength of M" ions decreases in the order

Li+(0.23) > Na+(0.l9) > KF(O.IK); thelr i{onic size varies in
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the opposite trend: K+(1.33) > Na+(0.95) > Li+(0.60). Large j
size and low field strength of K+ ions introduce relatively
high polarizability of nonbridging 02" fons and weak S1-0-Si

i bonds, resulting in the high thermai expansion coefficients of

T

KZO-—SiO2 glasses a3 compared to the N320-5102 and Li_0-Si0

2 2

e T R

glasses.

Contributions of the Various Oxides. The thermal expansion

contributions of the oxides composing the glasses can be eval-
vuated from the experimental values of the expansion coefficients
of silicate glasses, assuming the additive property of these

contributions [17,18]):

ap = Lo =z (12)

where uy is8 the linear expansion coefficient of the glass, ay
are the empirical linear expansion coefficients of the oxides
present, and r, are the mole % of the oxides. The oy thus
calculated for L120, NaZO and K20 in the alkali silicate glasses
(Table 2) are found to be slightly lower than those determined
from the other silicate and alumino-silicate giasses [18].

Using these ai's, the oy values can be calculated and compared
with the experimental oy values for the glasses (Table 3).

Since the agreement between the experimental and calculated

values 1is good (Table 3), the eq. (4) seems to hold well for
the alkali silicate glasses. 1In other words, although the

al-composition relations for the alkali silicate glasses are
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Table 2. Empirical coefficients of the thermal expansion
contributions (ai) of alkali oxides to the linear
thermal expansion of alkali silicate glasses at 25°C

ay, 10'8/603 wole X

This Reference

Glass type Oxide study (17}

L120—8102 Lizo 24.670 27.0
8102 0.843 0.63-3.8

Na20-3102 8.20 34.268 39.50
8102 2,266 0.63-3.8

KZO-SIO2 xzo 43.028 46.50
8102 3.194 0.63-3.8




M Ve RO LA i R S R A T T ~

R Ty XN, TP ) ok
i S T T Y DY ™ W PRIy 7%
ALt g TV Ty

VLI ANC IR st i w . a e e e e e e

~54~ !

Table 3. Comparison of experimental and predicted thermal
expansion coefficients (a, 1 n 10'6Ideg) for the

;i g slkali eilicate glasses at 25°C. The 3102 content
I (in moleX) of the glass is given in parentheses
1
Glass No. Experimental Predicted
ﬁ | 11,0-510, Glasses
|| K-119 (80) 5.43 5.61 !
K-154 (75) 6.80 6.80 '
R-157 (72) . 7.77 7.51 '
K-198 (72) .47 7.51
K-163 (70) 8.06 1.99
K-170 (68) 8.75 8.47
; X-162 (65) 8.81 9.18
§ K-197 (65) 9.17 9.18
Nu20-3102 Glasses -
: K-110 (90) 4,12 5.47
: K-111 (85) 7.23 1.07
i K-112 (80) 9.67 8.66 i
§ K-113 (75) 10.83 10.27
' K-114 (70) 12.06 11.87 ,
_ K-115 (65) 13.97 13.47 g
‘ K-116 (60) 14. 64 15.07 ﬁ
; K-117 (55) 16.01 16.67 ﬂ
; 3
K,0-510, Glasses g
K-196 (85) 8.79 9.16 :
K-194 (80) 11.14 11.16 4
K-192 (75) 13.39 13.15 : ﬁ
K-191 (70) 15.80 15.14 C
K-189 (65) 17.09 17.13 i
K-187-1 (60) 18.68 19.12 |
|
{
- |
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not strictly monotonic, the mean relations (indicated by solid
curves in Fig. 4) are useful in predicting oy from the compo-
sition of an alkali silicate glass.

One of the most interesting results from this study is
that the o, for 8102 i8 not uniform in the three types of
alkali silicate glasses; it varies from 0.843/deg mole % in the
Li 0-8102 glasses to 3.194/deg mole Z in the KZO-SiO2 glasseg~-

2
a variation of the order of 4 (Table 2), which is comparable

to that found in the other glasses (5 ,5-3.8 x 10-8/deg mole %) [17].

The large variation in the 8102 contribution may be explained
by the large difference in the force constants of the 8i-0
bonds involving the nonbridging 02_ ions in the three types of

alkali silicate glasses.
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SECTION 1V
EFFECTS OF PHASLE SEPARATION ON ELASTIC

PROPERTIES AND THERMAL EXPANSIVITY

The phase studies were conducted by Mr. John Kay, R.P.I.
The following method was used by him:
Fracture surfaces of the glasses were obtained, and etched

as follows:

K20-8102 glasses - 10 seconds 2% HC1
gome L120-5102 glasses - 10 seconds 2% HC1
other L120-8102 glassges - 10 seconds 27 HF
Na20-8102 glasses - 10 seconds 2% HF

Replica samples were made by shadowing a collodion replica
of the sample surface with chromium and then coating it with
carbon. Replicated surfaces were then viewed in a Hitachi HU-

LLB electron microscope operated at 100 KV,

Regsults and Discussion

Phase separation is everywhere present in alkali silicate
glasses. The volumetric percentage of relatively silica-rich
phase varies from 11 to 157 in high-M20 glagses to as high as
65 to 70% in glasses with 25 to 307% M20. and the particle size
varies from 200 A or 1es§ to 1/2 micron (Table 1).

In spite of large variations in phase separation (amount
and size), the trends of elastic property-composition are

quite systematic (see figures in section II).
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We chose three Li20-8102 glass gsamples (198, 171B, and

o Pkt -
. e s e e S R I T BT e :,!!

: K171A) with the same composition (28 mole ¥% L120) and varying
' degress of phase separation to study the effects of phase J
. separation. K198 has an evenly dispersed phase separation with ?
particle size averaging about 1000 A in diameter (Plate 1). T
171B has an unevenly dispersed phase separation, the particle ;

size being 500 to 100 & (Plate II). This glass showed square-

shaped crystals of about 0.75u edge-length, Glass 171A has an
evenly dispersed phase separation, the average particle size

being 1000 R .

Thus, in terms of particle size and composition, these
specimens are quite similar. Inspection of Table 2 shows
that there is no systematic variation in properties with the .

variation in the degree of phase separation, except in the

pressure and temperature derivatives of the moduli and thermal

expansion. The ap and dM/dT values seem to increase when

phase separation increases.
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Table 1. Volumetric percentage snd particle sire of phane

separation 1in alkali silicate glasses

Composition
(mole %)

)(_r*-
Sa e DRI W T L R TN TA WP I e

i
N
B )
Y
b
oL
K ¢
} ﬁ Average
% Glassa No. Mzo 8102 Volume % Particle Size
|
v ‘}
E L1,0-510, Glasses ;
, ‘. 4
¥ K199 20.0 80.0 64 1/2 u :
' E K154 25.0 75.0 25 300-1500 } X
g K171A 28.0 72.0 37 1000 A i
[ K1718 28.0 72.0 22 $00-1000 A ;
; K198 28.0 72.0 17 1000 X i
¢ K163 30.0 70.0 65-70 0.25-1 u {
L] H
4 X170 32.0 68.0 62 3200 A '
3 \
% . K162 35.0 65.0 70,11 1/2 u
i K197 35.0 65.0 11 3500 & |
¢ L
P Na,0-510, Glasses ;
4 !
£ ° i
§ K110 10.0 90.0 60 500 A .
§ K112 20.0 80.0 45 500 A ;
! K114 30.0 70.0 26 1200 & ;
{
: K115 35.0 65.0 47 650 X i
2 K116 40.0 60.0 15 1000 & 3
b i

KZO-SiO2 Glasses

K196 15.0 85.0 15 400 A
K194 20.0 80.0 75 700 &
K192 25.0 75.0 50 200 &
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Properties of three L120-8102 glesees (containing 28

Table 2.
mole X Ltzo) with varying degrees of phase separation

of silica-rich phase

K 198 K 171B K 171A

Stoz-tich phase,
17 22 37

2.322 2.322 2.322

volume %

Dy 37c-3

Vp. kn/sec 6.153 6.149 6.149

V.. ka/sec 3.720 3.720 3.722

450.4 449.6

K, kbar
321.3 321.6

W, kbar 321.4

) 212 211

(dK/dP) 3. 42 3.59 2.94

~-.17 -.14

[
.
™
o

NPgs

(du/dpP)
X (4K/4T), kbar/deg -,043 -.052 -.014

(du/dT), kbar/deg -.083 -.079

oy, 107%/¢eg 7.47
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SECTION V
EFFECTS OF COMPOSITION, PRESSURE, AND TEMPERATURE

ON THE ELASTIC PROPERTIES OF 8102~T102 GLASSES

Introduction

8102—'1‘102 glasses containing low concentrations of TiO2

> S g e

(up to 11 wt %) form in homogeneous phase [1-3]; TiO2 plays

the role of network former just as 8102 does. 1Interest in

the 8102-T102 glass system has recently developed because of
its low thermal expansion properties. The 8102-T102 glass
(Corning Code 7971) containing 7.4 wt % T102 has nearly zero
thermal expansion (4, 5] in the temperature range of ( Lo 3JUuU”C.
In a recent systematic study [6], it has been shown that small

amounts of Tio2 (up to 10 wt %) added to fused silica cause a

linear decrease in the coefficients of thermal expansion of

SETRTRIR DT LT N IR SIS NI W S e TR T I ST S s R M @ T A ety At g

i

gilica glass, More recently, Schultz [7,8] has discovered

unique annealing methods for developing the low-expansion

$10,-T10, glass containing 12-20 wt % T10,. ]

Variations in the thermal expansion and other vibrational

S

prtoperties of the 8102-T102 glasses, caused by the conposi~

SOTEATLTT AT, VT o T Y s s

A

W

tional variations, are directly related to the va-iations 1in 5
E

the structure and lattice vibrations of the glass network. A g'ﬁ

number of workers have studied the effect of T102 content on

PRIV LSRR I AR
s, T
L S R

the various properties of the 8102-T102 and related silicate

glasses [6-19] and have interpreted the results in terms of
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the changes in structure and coordination of the silicon and
titanium ions. However, the elastic properties of the 8102—
TiO2 glasses have so far not been systematically investigated.
The purpose of this section 18 to report on the elastic
properties of the 8102~T102 glasses as a function of composi-
tion, pressure, and temperature, and to correlate the results

with the variations ip thermal expansion and other related

anharmonic parameters.

Experimental Methods

Glass Specimens. The seven SiOz-TiO2 glasses used in

this study were kindly supplied to us by Dr. P.C. Schultz of the
Corning Glass Works. These were prepared by flame hydrolysis
[6]. The TiO2 content of the glasses ranges from 1.3 to 9.4
wt Z (Table 1), Also included in this study is fused silica
(Corning Code 7940), purchased from the Corning Glass Works.
Elastic measurements were made on the glasses in as-
produced, unannealed state as well as after annealing. The
annealing process involved heating the glasses to 1020°C for
about 1-1/2 hours, and then cooling them slowly from 1020 to
700°C at a rate of 5°C/hour, and then allowing them to coof inside
the furnace from 700°C to room temperature.
Density of the glass specimen was measured by the Archimedes

method. The pulse superposition method [20] of measuring

ultrasonic velocities was used. The details of the electronics
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and high pressure and temperature equipment used, and the

procedure to reduce the basic data are described elsewhere [19].

Results and Discussion

Effect of Annealing. The relations between compoasition

and the elastic narameters, especially K and o, are not so
well defined for the unannealed glasses (Figs. 1-3). PFollow-
ing annealing, the relationships become systematic and more
or less linear., 1It is interesting to note that annealing
brings about an increase in V, and p, but decrease in Vp.
Similarly, u and E increase and K decreases (that 18, compres~
8ibility increases) after annealing. Annealing causes the
removal of strains and rearrangement of the glass network auch
that the structure becomes more compact. We have also found
compaction effect of annealing in a SiOz-TiO2 glagss containing
14.7 wt % T102. According to Schultz [personal communication,
1974], this cowpaction is related to a coordination change of
titanium in the glass from 4 to 6. Based on Schultz's work

[7-8), the effect of coordination change seems to occur in only

high-Ti0, (> 10 wt Z) glasses.

Elastic Parameters at 1 bar and 25°C, The results of the

elastic parameters as a function of composition are shown in
Table 1 and Figures 1-3. McSkimin's (unpublished) data on Vp,
Vs, Esand u fotr fused silica and the Corning Code 7971 glass
are in agreement with the present results. The elastic para-

meters (longitudinal velocity; V shear velocity, Vs; bulk

p,
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Fig. 2. Density (p) and Poisson's
ratio (o) vesus Ti0; content.
Annealing causes an increase in p and
a decrease in 0.
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5107 -TiO; GLASSES

-
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modulus, K; shear modulus, u; Young's modulus, E) and density

(p) of the annealed SiOz-TiO2 glasses decrease more or lees

linearly with increase in the Ti0, content. However, Poisson's

2
ratio fecr these glasses increases linearly with TiO2 content.
The decreases in the modulil are interpreted to be caused

by weakening of the silica nectwork. The T14+ ions have lower

field strength than the Sil'+ ions, and the average length of
171i-0 bond 18 considered to be larger than that of the S1-0
bond; hence the Ti-0 and S1-0-T1 bonds in 5102-T102 glasses

are weaker than the correspondong Si~0 and S1i-0-Si bonds in

R IR W W, T TR L S

sllica glass. This view has been well supported by infrared

absorption studies ([9].

At low TiO2 concentrations, Si-equivalent fourfold T1i ions

exist in the coordination [1-3]. Hence a decrease in p with

T FT TSR T

increasing Tio2 content (Fig. 2) seems, at first, surprising

in view of the fact that substituted T14+ ions are heavier

than the Sil'+ ions. Evans [l1] has clearly demonstrated that 5

the additions of small amounts of TiO2 to the SiOz—TiO2 solid '
solution (cristobalite phase) cause the tetragonal 8, and Co
d-spacings of this phase to increase. Such an erfect would

explain the variations in density of the 5102-T102 glasses.

A b S w D T R O G T S
IESALEIVARKE LIy N AW, S AL DI T o TARE RIS SRR

A decrease in density can thus be interpreted as being due to

pawl

the increasing openness of the structure as TiO2 is added.

It appears that S1-0-S1 and S1i-0-Ti angles change such that the

+
openness of the structure increases. That 1is, the Ti4 ions

e

would repel the 02" ions farther than the si°" fons do.
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Pressure Dependence of the Elastic Moduli

The pressure derivatives of the compressional and shear

3

L SR N e
PR NICE I S oSSR et

velocities, (de/dP) and dVB/dP). decrease with increase in

Ti0, content (Table 2; Fig. 4); the variation of (st/dP) with

composition is more systematic. There 18 a good agreement

s ek SR

between McSkimin's and the present values of (du/dP) and (dE/4P)

for fused silica and the Corning Code 7971 glass (Fig. 5). As

-ty

G, VP T Y
o B o

in fused silica, the values of (dK/dP), (du/dP), and (dE/dP) 1in

i
R T AN TR T AT IR R

510 -T102 glasses are negative (anomalous) and become increas-

2
ingly negative (more anomalous than fused silica) with increas-

RSB Acachs 120l allfidg it TR ENEAR

ing T10, content (Table 2; Fig 5). Values of du/dP for all the

2

glasses are negative (anomalous). This parameter becomes more

ot L O L S ey R it

negative with increase in ‘I‘iO2 content up to V5 wt 2 TiOzgabove

which it becomes less negative (Fig. 6). The anomalous elastic

behavior under pressure in fused silica has been explained in

{
terms of its low (near-zero) thermal expansion. The presence i
of the low-frequency vibrational modes for which dw/dV (where

w is frequency) is positive [6]. The presence of such modes
also leads to an explanation for ine negative thermal expansion

of the 5102-T102 glasses [6]. The negative thermal expansion

AT TR T T TR TRy ST

R AT R RN AR Y

in SiOz—TiO2 glasses has been attributed to the presence of the
vibrational modes for which dw/dV is positive (6], and this
condition, characteristic of open structures, leads to negative

values of (dM/dP), where M is any modulus {21]. It then appears

that the addition of TiO2 causes changes in the vibrational
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Fig. 5. Composition dependence of dE/dP,
du/dP, and 4dK/dP 1in $10,-~T10, glasses.

Open triangles are McSkimin's (unpub-
lished) 1972 data; solid triangle is
superimposition of the present and
McSkimin's data for du/dP.
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properties of such modes 80 that dw/dV becomes more positive,

Bt Y W o - D,

leading to more negative thermal expansion and more anomalous
elastic behavior under pressure. Thus, the more negative
values of dM/dP with increasing TiO2 content are compatible

with the thermal expansion data.

Densification

E‘ The pressure~density data for a solid can be used for calcu-
g% lating 1its bulk modulus, Ko’ and initial pressure derivative
£

1

|

K; - (BK/BP)p_o through the Birch-Murnaghan equation of state [24]:

i Pe 32 k) Wo /o) - o /030 - g (oo -1y

where £ = 3(4 - K;)/b. Inversely, if Ko and K; are known,
(p/po) can be evaluated as a function of pressure.

Using eq. (1) and the data for fused silica and the §10,-

Ti0, glasses containing 7.3 wt % Ti0, (Table 2),(p/po) was

calculated to 60 kbar (Fig. 7). As seen, the glass containing

'1‘102 shows higher densification (p/po). At 20 kbar the differ-

i
:ﬁ ence between (p/po) ratios would be 7%.
&

Mode Gruneisen Parameters

The mode Gruneisen parameters Yi are evaluated from the

pressure dependence of acoustic mode velocity Viz

. 1 “"_i), C
Yy VB dp ;

e T ST D) o b e . e
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1.4 1 T T

TiO,-Si0, GLASS —
131 {73 wt% TiOy)
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11 -
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e e

1.0
0 20 40 60

PRESSURE, kbar

Fig. 7. Densification of fused silica

and SiOZ—TiO2 glass containing 7.3
wt % T10,.
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where B i8 the 1isothermal compressibility. Assuming only the
contributions from acoustic mode, the high- and low-temperature

limiting velues of the Gruneisen parameter, Yur and Yy can
be evaluated from (dVB/dP) and (de/dP) using the known rela-

tions [22,23). As in fused silica, the YHT values for all the

As seen.yHT becomes

Si0 ~T102 glasses are negative (Fig. 8).

2
more negative with TiO2 content,

Temperature Dependence of Elastic Moduli

The temperature and composition dependence of K, u and

E measured tu 300°C are shown in Figure 9. The temperature

derivatives of the moduli (dM/dT) are positive (anomalous) and
remain the same in the temperature range of the investigation.
The values of (dM/dT) decrease with increase in TiO2 content

(Fig. 10). That is, the glasses become less anomalous in the

thermal behavior, in contrast to the more anomalous behavior

under pressure.

The contributions to total change in modulus M due to

temperature effect can be considered as intrinsic and extrinsic

parts:

d¥ = (%’l—f KL %}Tdv : (2)

(total) (intrineic) (extrinsic)
It can be shown that the measured total (dM/dT) 1is related to

the measures (QM/BP)T :
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Fig. 10. Composition dependence of the
total and intrinsic temperature deriva-
tives of bulk (K), shear (u), and
Young's (E) moduli of §10,-Ti0, glasses.
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L msrpeenn o T DT
" YR AR

(dH M oM

L3 - e - ak (x5

dT P (ST v (3? T
(total) (intrinsic) {(extrinsic)

Using the data of Tables 1 and 2, and the thermal expan-
L sion coefficlents [6], the two contrjbutions were calculated
(Table 3). As seen, the mafin contributions to total (dM/4T)

are from the intrinsic effect (se2e also Fig. 10).

Summary and Conclusions

The density and elastic parameters of the 5102-‘1‘102 glasses
studied show more or less systematic variation with composition.

Vp. Vs. ¢, E, K, and u decrease more or less linearly with .
increase in TiO2 content. Poisson's ratio for the unannealed

glanses first increases and then decreases with increase in

Tio2 content, whercas the annealed glasses show increasing

-;i values of 0 in a systematic manner. The systematic variations ;
;i of elastic properties indicate that the coordination number of
,}i 114t fons remains the same (4] in this range of composition;
this 1is in agreement with earlier studies.

Annealing causes density and VS to increase, and VD to

j}i' decrease. The temperature-dependence of moduli is mainly

;; : due to intrinsic effect for these glasses. The temperature

S amn MR NAM A st e s

derivatives of modulil are positive and anomalous, and become

less anomalous with increase 1in TiO2 content.
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Adding of 'I‘102 to SiO2 structure causee pressure
derivatives of the velocities and moduli to become more nega-

tive (i.e., more anomalous). That is, the anomalous behavior

- g LAl e L s
" oy o -
o ——s TR T N T S Rt g
.

of fused silica is8 enhanced by addition of T102. In contrast,

the temperature dependence of moduli is less anomalous as T102

is added.

The acoustic mode gammas, YT become negative when TiO2

content of glass increases. This is 1in agreement with the

thermal expansion studies. Decrease in thermal expansion with
addition of TiO2 is related to the influence of TiO2 on

. acoustic lattice vibration frequencies.
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Pressurc and "I'emperature Dependence of
the Klastic Moduli of Na,0-T10,-S10,
Glasses

MURLI H. MANGHNANI®
Hawall Institute of Geophysics, University of Hawali, Honolulu, Hawall 96823

Ultrasonic Interferometry was used to mensure elasiic-wave
veloclties and modull In six Ne,O-TIO,SIO, glasses; three
#lasses contained 20 mol%, TIO, and three 28 mol%, TIO,. The
olastic modull and thelr pressure derivatives varied systemail-
cally with the S10,/Na,0 molar catio of the glasses. In the
group of glasses which contained 20 mol%, TI0,, dK/dP (K=
bulk modulus) decrensed linearly from 4AS to 2.39 an the
810,/Na,0 ratlo Increased; in the other group, dK/dP de-
creased (rom 4.00 to 3.03. Simllsrly, du/dl® (i =shear modu-
Mus) decreased with the SI0,/Na,0 ratlo, but somewhst non-
lnearly. The extrinsic and Intrinsic contributions to the tem-
peratuce dependencles of the elastic modull are evaluated in
lght of the measured pressure dependencles of these modull,

1. Introduction

He glass-forming areas of the ternary system Na.O-TiO,-
Si0, have been surveyed by Hamilton and Cleck' end
by Bayer and Hoffmann.' Hamiiton and Cleek' and Turnbull
and Lawrence.' who investigated the eflect of compositional
variation on the physical and oplical properties of the Ne,O-
TiO~S10, glasses, found that their densities and refractive
indices increased with increasing TIO, content. Varlous in-
vestigations of the effect of TiO, content on the thermal ex.
pansion, viscosity, and electrical propertics of Na,0-Ti0,-SIO,
glasses have been summarized’; however, no study of their
slastic properties has been reported. It was the purpose of
the present work to report the elastic properiles of these
glasses and o Investigate the effects of glass composition,
pressure, and temperature on their elastic behavior.
Physical properties of sllicate glasses, e.g. mechanical
strength and elastic modull, are, in general, related to the
density of the SI-O-S| bridges in the random network structure
of glass.** Addition of network-modifying oxides such as Na.0
causes a breakdown of some of the bridges aid formation of
the relatively weaker Si-O-Na bridges in proportion to the
amount of Na,0 added. For example, it has been pointed out
that the Young's modull of glass2s in a simple binary Na,0-SI0,
system decrease systematically with increasing Na,O content.
The role of network-modilying lons of high field strength, e.g.
Ti, In increasing the modull of silicate glasses has also been
emphasized! The effects of the Si0,/Ns,O molar ratio and
TIO, content on the elastic properties of the glasses in the
Na,O-TI0:-5I0: system are therefore of interest.

1I. Experimental Methods

Pulse-superposition ultrasonic interferometry was uscd {o
measure the compressional and shear velocities and thus the
elastic modull of six glasses to 7 kbars and 300°C. The veloc-
ity-measuring technique’ was used previously in studies of
the elasticity of glasses under pressure.* An rf pulse is
appiied to the transducer which is bonded with resin' to the
specimen, and the pulse repetition frequency (f) of the rt
pulse oscillator Is adjusted to cause an echo within 8 particular
pulse-echo train to coincide with an earlier echo in the next
traln, resulting Jn maximum intensity of the echo pulses.
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Fig. 1. Pressure-generating system.

Under resonant conditions, { Is equal to the reciprocal of the
round-trip transit time of the pulse in a specimen of length L
and the velocity is calculated from ve2lf.

The precision of the baslc frequency measurement® is =1
part in 10°. The correction for the phase angle, v, which Is
associated with the bond between the transducer and the
specimen and the reflections of the waves at the transducer,

is given*

by v/360f; y does not usually exceed 1* to 2° for &

well-prepared thin bond. The error In the velocity values
resulting from Ignoring this correction at ambient and high
pressures, as was done in the present study, is belicved to
be <0.1% In the range Investigated. The modull reported
are estimated to be accurate to within £0.3% when all the
other oversll errors, Le. those In the length and density
measurements, are taken into consideration.

X- and Y-cut quartz transducers of 30 MHz natural resonant
frequency were used to generate the compressional and shear

waves in the specimen,

system!

A two-stage pressure-generating
(Flig. 1) was used in which the initlal gas pressure ol

22000 pal was intensified to 40,000 psi in the first stage and

200,000

medlum,

psi In the second stage. Nitrogen was the pressure
Measurements were made following increasing and

decreasing pressure cycles to 100,000 psi (=6.9 kbars). An
interval of 15 to 20 min was usually allowed between the
pressure change and a pulse repetition (requency (prf) mea-
surement. The pressure on the specimen was monitored using
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Table 1. Chemical Compositions of the Na,0-
TiO0-Si0; Glasses

Glase Code Conatituents (rani%,)

No. No. (Rl 1) Nad TG T T @iy
1 E1986 30.0 20.0 50.0
2 E1909 25.0 20.0 55.0
3 E1990 17.5 20.0 82.5
4 E2011 27.3 25.0 47.5
] E2010 2283 25.0 52.5
(] E1991 17.5 25.0 57.8

& 120-9 Manganin coil placed inside the vessel and a resistance
bridge®; the coll was calibrated for pressure with a dead-weight
tester! to 60,000 psi. Uncertainties in the absolute pressures
measured with the dead-welght tester are estimated” to be
<0.19, at 60,000 psl. Thus the reported pressure derivatives
of the elastic modull are <+1% In error. During a prf
measurement, the test specimen in the pressure vesse! was
maintained at 25°%0.1°C by constant-lemperature water cir-
culating In colls wound around the vessel,

The temperature dependence of the elastic modull of these
glasses was investigated to 300°C by using a thermally insu-
lated furnace powered by a solid-state temperature-control
device. A special high-temperature rubber seal was used to
bond the transducer to the specimen, which was heated at a
rate of ~2°C/min. Specimen temperature was increased in
Intervals of =10°C and maintained to +0.1°C during prf
measurements.

III. Specimens

The physical properties of glass specimens from the same
batch as those used in the present study! were reported by
Hanillton and Cleek'; thele compositions are given in Table 1.
All the specimens were heated for 4 to 6 h at a temperature
=40°C below the sag point and cooled at 2.5°C/h to 350°C
(st Ref. 1).

Investigetion' of the crystallization behavior of glasses in
the system Na,0-TiOrSiO, has shown that those with composi-
tions similar to those in Table I form in homogeneous phases.
Phase separation occurs only when the TiO, content is higher
(>30 mol%) and/or the SiO, content lower (<10 mol%).
Variations in the elastic modull, measured under atmospheric
conditions in three mutually perpendicuiar directions in each
of the six specimens, were within experimental error, thus
characterizing the isotropic behavior of the specimens.

1IV. Discussion of Results

(1) Meusurements at 1 Bar and 25°C

The elastic properties of the glasses measured at 1 bar and
25°C are given in Table 1I. The relations Letween these

*Carey-Foster bridge, Harwood

DWT 300, Harwood Engineering Co., Inc.

1Obtained thro\:&:\ the courtesy of G. W Cleek, National
Bureau of Standards, Washington, D. C.

ineering Co., Inc.
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properties and chemical composition can be interpreted In
terms of the SiO/Na.O ratio or In terms of the structural
parametsr Y, as iniroduced by Trap and Stevels* in discussing
SiOvrbased glasses. The parameter Y, which represents the
sumber of bridging oxygen ions/SiOy tetrahedron, is computed
a8 Y=8~200/p, where p is the SiO, content (in moi95). Thus,
for pure Si0, glass Y=4; it docreases as network-modifying
oxides are introduced. In the present case, the SiO./NaO
ratio and Y parameter (Table II) have the same significance
in that both represent a measure of the number of Si-0-Si
bridges and the openness of the structure. For glasses with
similar TiOy contents, the compressional and shear wave
velocities (v, and v,) and the shear and Young's medull (»
and E) increase and the density (p) and Poisson's ratio (e¢)
decreass with increasing SiO,/Na/jO ratio (and Y). These
increases in » and E are not linear (Fig. 2); the rate of in-
crease is greater for the lower Si0)/Na,O ratics. Flgure 2
also shows that increasing the TiOs content increasws the
moduli; further, for the glasses with the higher TiO, content
the effect ol the SiO./Na,O ratio in increasing the modull is
less. The relations shown in Fig. 2 can be used to estimate the
modull of glasses of intermediate composition.

The bulk modulus, K, varies neither as appreciably nor as
uniformly as the other modull with the Si0,/Na,O ratio. Com-
parison of the data for glasses 1 and 3 and for glasses 4 and 6
shows that the lower the Si0,/Na,O ratio, the higher the bulk
modulus (and the {ower the compressibility). Similar findings

Table II. Elastic Properties of the Na,0-Ti0,-SI0; Glasses at 1 Bar and 25°C

ve K
ol Vs 1 v (870 (lonr/e) (ken/e) (hbrare) (kbars) (kbare) «
1 1.67 2.00 2.749 5.731 3.318 500.0 302.1 754.4 0.249
2 2.22 2.36 2.740 5,794 3.3868 501.1 31410 7798 241
3 3.54 2.80 2.703 5.895 3.518 483.9 334.2 818.0 224
4 1.73 1.79 2.K11 5.806 3333 526.4 315.8 789.8 250
8 223 2.19 2.800 5.906 3.461 529.5 334.5 830.7 239
6 3.28 2.52 2.771 5.95% 3.326 523.4 3445 847.5 .230

s=shear modulus, E= Young's modu

Nore: Yestructural p:—ume(er, i--denzity. \go-;com'pres:_ioml wave velocity, v,=shear wave velocity, K=bulk modulus,
us, and o= ss0n s ratio.
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were reported by Weir and Shartsis” in their study of atkall
silicate glanses. The explanation for the decrease in com-
pressibility with decreasing Si0,/Ns,0O ratio is that the degree
of atomistic void-space in the glass structure diminishes with
the introduction of Na,0.

(2) Measurements Under Pressure

Plots of the prf ratio, f/f., where f and f. are the frequencies
at a given pressure and at | bar, reapectively, vs pressure for

Bl b o8 ok i SR S Do aanlbb AR M G s AN

Vol. 55, No. 7

the longitndinal and shear inxles of wave propagation are
shown in Fig. 3. These relations exhibit no hysteresis, indi-
cating that the glasses are completely clastic in this pressure
range and do not undergo the permanent deasification that
may occur at much higher pressures.

(A) Densification  Densification of silica and silicate
glasses under pressure has been the subject of several
studies "*** Bridgman and Simon' reported that vitreous SiO,
undergocs a permanent denslfication of 7%, at 200 kbars and
that no observable densification occurs below 100 kbars,
whereas Cohen and Roy" achieved a 7%, densification of SiO,
glass at only 55 kbars. The threshold pressure and the rate of
increase of density are functions of glass composition and
temperature and the degree of the nonhydrostatic nature of the
applied pressure. It has also been pointed out* that the
shearing effect under nonhydrostatic conditions is important
in densification. The densification of a silicate glass is re-
garded as the “folding up" of its disordered vitreous structure,
such that the Si-0 bond angles are altered without apparent
changes in the tetrahedral Si-O distances. Most studies of
the densification of glasses have been conducted at very high
pressurcs.'t '

In sitn densification at pressures much lower than the
threshold pressures, in the pressure range in which the be-
havior of the glasses is completely elastic, can be studied
precisely using ultrasonic mcasurements. The specimen
length and density ratlos (Il and p/p.) at pressure P are
given by™:

.
dP "

14+ayT _dpP
JA—4B m

(W) = (p/p)m= [ 14222 f

Lol

where a is the coefficient of volumetric thermal expansion,
y is the Gruenelsen parameter, T is the temperature (°K),
Awv(f/fs)", and Bev.(f/fs)%; the zero subscripts indicate
values under ambient conditions (1 bar and 25°C). Using
Eq. (1), p/m at pressures to =7 kbars was calculated for all
the giasses; in all cases, the relation between p/ps and P was
linear. The p/p values at 6.9 kbars are listed in Table III.
The glasses with the higher Si0,/Na,O ratios show the greater
compression (i.e. have higher p/pe valucs), and those with the
lower TIO, content (glasses 1-3) exhibit a more pronounced
effect of increasing Si0,/Na.O ratios in increaping compres-
sion.

(B) Pressure Derivatives of Elastic Properties: The
velocities (v, and v.) and the elastic muduli at a given pres-
sure were calculated from the measured prf's for the com-
pressional and shear modes (f, and {.):

Compressional velocity, v, =2lf,.

Shear velocity, v, =2(f..

Bulk modulus, K=p(v,'=*/w.').
Shear modulus, x=pv,”.

Young's modulus, E= (9Ku)/(3K+4).
Poisson’s ratio, o=1— (E/2x).

The pressure derivatives thus determined (Table 111) are
systematically related to composition, i.e. to the Si0,/NaO
ratio. The relation between the elastic-wave velocities (v,
and v.) and pressure s shown in Fig. 4; v, increases with
pressure in all cases. The value of (dv./dP) is positive snd
decreases with increasing Si0,/Na.O ratio, whereas (dv,/dP)

Table III. Pressure Derivatives of the Elastic l‘ropﬂ':lr.-_o_f the N..()_-TlO,-SlO. Glrau

tilen da/dP /00
‘;'l.;- ‘lm‘;:.‘ﬁ‘h':n) (hn‘/‘:-/h.g‘un\ RLEZ L de/db i A-___i,gl..‘,‘",__.__ B _l!\n_rl " (.l- U.thl"
. i T sz -7 :626_- o _485- B 0.53 229 1.57 1.0130

2 8. -1.24 3.8 0.37 1.76

3 1.69 -4.19 268 -0.15 0.47

4 9.69 ~0.35 4.00 0 2' 2.03

5 8.70 -1.64 3.64 v20 1.56

6 14 ~-3.53 3.0¢ ] --0.06 i 0,.7.!
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is negative and becomes increasingly negative with increasing
Si0/Na,O ratio.

For all the glasses, the bulk modulus increases with pressure
(Fig. 5(A)); this behavior is normal. For mos! crystalline
oxide solids, dK/dP varies {rom 4 to 6 at pressures near zero;
for the glusses investigated, dK/dP varied from 2.59 to 4.85.
In general, dK/dP decreases linearly with increasing
Si0y/Na:O ratio (Fig. 8(A)). However, the relations clearly
difter with TiQ, content. It is predicted that dK/dP will be
zero for the giass with 20 mol%, Ti0, and an $i0,/Na-O ratio
of 229. The shear wmiodulus decreases with pressure for
glusses 3 and 8 (which have the maximum $i0./NaQ, ratio)
and {ncreasea with pressure for the other glasses (Fig 5(B)).
Further, in contrast to the relation between dK/dP and the
SI0/Na,O ratio. which is linear, thut between du/dP and the
S10,/Na,0 ratio is not (Fig. 6(B)).
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For all the glassex studied, dF./dP ranges from 2.29 to 0.47
and decreases with incrcasing Si0),/Na,O ratio. The values of
da/dP are positive and range from 1.19 to 1.57/Mbar (Fig.
.

(1) Measurementa to 300°¢C at | Dar

‘The temperature dependence of elastic moduli is a measure
ol changes in the intrinsic structure of a material and involves
both the odd- and even-powered terms of the anharmonic
expansion. The eflects of temperature on the elastic proper-
ties were Iinvestigated to 300°C. The variation with temper-
ature, T, of any modulus, M, is given by:

Mr _prffe\? () (_{v)' L3 .

wen () () -(5) & *
The length ratio (L/l;) was estimated from thermal cxpan-
sion data* and used to compute the elastic modull. Figure 8
and Table IV thow the temperature dependencies of the bulk
and shear moduli. The dK/dT and du/dT values become in-
creasingly negative with increasing lemperature and, for a
Riven temperature, hecome systematically less negative with
increasing Si0-/N&.() ratio. This result is obviously retated to
the anomalous temperalure behavior of vitreous S0, which is
known to exhibit positive dM/dT values”” (dK/dT=0.111
khars/°C; du’dT=0.045 kbars/"C). Thus, as the amount of
§iO, In the composition of Na.0O-1i0,-SI0. glasses increases,
dM/dT becomes less negative (more positive). The relations
hetween dK/dT and dy dT and the Si0.’'N3.O rativ, although
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The total temperature derivative of an elastic modulus, M,
given by (dM/dT),, is related to the intrinsic (temperature)
and extrinsic (volume) effects by

dM N oM

)= (o) (35 ), @
where a is the coefficient of volumetric thermal expansion.
Using the data given in Tables I1 through 1V, the intrinsic and
extrinaic coefficients in Eq. (3) were calculated (Table V).
In all cases, (dK/dT), is negative and (3K/2T). is positive,
implying that the sign of (dK/dT), is governed by the sign of
(3K/9P)y, 1.c. that the observed temperature dependence of
K regults primarily (rom volume change (thermal cxpansion).
The contribution to (dK/dT), of the intrinsic (temperature)
effect, with opposite sign. varies from 1 to =44%, of the ob-
served (dK/dT),. In the case of the temperature dependence
of u, the main contribution to (du/dT), is the intrinsic (lem-
perature) effect; very small contributions result from volume
change. In the case of glasses 3 and 6, which have higher
Si0./Na,0 ratios than the other two specimens in a aeries of
glasses with similar TiO, contents, the sign of the contribution
[rom the extrinsic effect (volume change) is opposite to that
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Table IV. Temperature Dependence of the Elastic Properties of Na,0-Ti0,-8i0, Glasses

Linsar thermal

Gloss coad B0y Navd X

N. 10 malar ra (Mbare) (kbare) v (e C) (ewrC) &)
1 134 1.67 5003 291.8 0.258 ~-0.081 -0.071 7

3 116 2.22 831.1 310.9 255 -0.070 —0.051 (13.7

3 89 354 518.6 336.9 233 --0.025 ~0.036 13
4 124 1.73 544.2 312 259 -0,080 ~0.063 1.0
5 107 233 546.4 3319 247 ~-0.057 -0,048 0.9
] 89 3.28 528.3 350.3 228 -0,035 -0.038 1.0

Table V. Intrinsic and Extrinsic Coefficients for

Eq. (3)*
Measured Calculated Mansu
e () (2 ox (),
Nor  (kbare/*C) (kbars/°C) (khere ")
Mw=bulk modulus, X
1 -0.081 +0.0165 (20.4)! ~0.0975 (120.4
2 -0.070 +0.0013 (1.9)! ~0.0713 (101.9
3 -0.025 +0.0109 (43.6)¢ ~0.0359 (143.6
4 ~0.080 +0.0010 (1.3)! ~0.0810 (101.3
5 -0.057 +0,0068 “.9;’ ~0.0638 (111.9
[ -0.035 +0.0080 (22.9)t —~0.0430 (122.9
M=phear modulue, 4
1 -0.071 -0.06(3 (84.9 -0.0107 (15.1 ;
2 -0.051 —0.0442 (86.7 -0.0068 (13.3
3 -0.036 -0.0381 (105.8) +0.0021 (5.8)¢
4 -0.063 -0.0527 (83.7 ~0.C103 (186. ;
5 -0.048 —0.0429 (89.4 -0.0051 (10.6
6 -0.038 -0.0388 (102.1) +0.0008 (2.1)t

*Contributions to total effect (in %) are shown in paren-
eses,
1Sign is opposite that of dM/dT.

of (du/dT), because (du/dP)e in these cases is negative.
When the temperature variations of both K and u are con-
sidered (Table V), a tendency of the extrinsic effect (volume
change) to decrease with decreasing Si0,/Na,Q ratio is noted.

V. Summary

(1) The elastic moduli of the Na,O-Ti0.-Si0: glasses vary
systematically with composition; the Si0,/Na,O ratio is the
most important factor. A network-modifying oxide such as
TiOy increases the moduli and their pressure derivatives,

(2) The Na,0-TiO.-Si0, glasses studied behave as normal
crystalline solids under pressure and temperature except for
Nos. 3 and 6, which exhibit negative du/dP values. This
anomaly is related to the vitreous Si0, content. The pressure
and temperature derivatives of the moduli vary systematically
but not always linearly with the Si0,/Na,0 ratio. These rela-
tions can be used to predict the elastic behavior of glass at
moderately high presgures and temperatures.

(3) The observed effect of temperature on the bulk moduli
of the glasses Investigated results primarily from volume
changes associated with thermal expansion, The temperalure
dependence of shear moduli of these glasses, however, is
related principally to the intrinsic (temperature) effect.

Acknowledgments

The writer wishes to express his gratitude to Given Cleek,
National Bureau of Standards, Washington, D, C., for makin
the glass specimens available for thiz study. Part of the wor

was conducted during a National Research Council-National
Academy of Sciences senior postdoctoral research associate-
ship tenable at the Air Force Cambri Research Labora-
tories, Bedford, Mass, Thanks are due¢ Ethel McAfee for in-
valuable editorfal help.

References
'E. H. Hamilton and G, W. Cleek, *Properties of Sodium
Titanlum Silicate Glasses,” J. Res. Nat. Bur. Stand., 81 (2]

89-94 %258). .

*G. Bayer and W. Hoffmann, “Primary Crystallization of
Glasses in the System Na,O-TiOrSi0; and Its Relation to Im-
miscibility,” Glass Technol., 7 [3] 94-87 (lm&.

*R. C, Turnbull and W, G, Lawrence, “Role of Titania in
Silica Glasses,” J. Amer. Ceram. Soc., 85 [2] 48-63 (1952).

‘M. D. Beals and J. H. Strimple, ““Effects of Titanium Di-
oxide in Glass: 1V,” Glass Ind., #4 [12] 679-83, 94 (1963).

*R. J. Charles; gp. 1-38 in Progress in Ceramic Science,
Vol. 1, Edited by J. E. Burke. Pergamon Press Inc., Elms-
ford, N. Y., 1961,

*H. T. Smyth, “Elastic Properties of Glasses,” J. Amer.
Ceram. Soc., 42 [6) 276-79 (1959),

'K. L. Lowenstein, ‘“Studies in the Composition and Struc-
ture of Glasses Possessing Hlfh Young's Moduli: 1" Phys.
Chem. Glasses, 2 [3] 69-82 (1961).

*H. J. McSkimin, *‘Pulse Superposition Method for Measur-
ing the Ultrasonic Wave Velocities in Solids,” J. Acoust. Soc.
Amer., 33 [1] 12-18 (1961).

*M. H. Manghnani and W. M. Benzing, ‘'Pressure Deriva-
tives of Elastic Moduli of Vycor Glass to 8 Kilobars,” J. Phys.
Chem, Solids, 30 [9] 224]-45 gsﬁ

" T. J. Sokolowski and M. H, Manghnani, “Adiabatic Elastic
Moduli of Vitreous Calcium Aluminates to 3.5 Kilobars,” J.
Amer. Ceram, Soc., 52 [10] 539-42 (1969).

“ D, P. Johnson and D. H. Newhall, “Piston Gn‘&a as a Pre-
tl::,s?lgl;geuur&Measurlng Instrument,’” Trans, ASME, 78, 301~

Y, J) L. T:;:Eland J. M. Stevels, ‘‘Conventional and Invert
?#sf;s(lggx)ta g Titanla: 1" Phys. Chem, Glacees, 1 (4]

¥ C, E. Weir and L. Shartsis, “Compressibility of Bina
Alkall Borate and Silicate Glasses at High Pressures,” J.
Amer. Ceram. Soc., 38 [9] 298-306 (1955&.

“ P, W, Bridgman and 1. Simon, “Effect of Ve%mgh Pres-
sures on Glass,” J. AY!M' Phys., [‘4 405-13 (1953).

% H. M. Coheft and R. Roy, “Densification of Glass at Very
ngh Pressure,” Phys. Chem, Glasses, § e'] 149-81 (1985).

. B, Christiansen, S, S, Kistler, and W. B. Gogarty, “Ir-
reversible Compressibility ot Silica Glass a8 a Means of De-
termining Distribution of Force in High-Pressure Cells,” J.
Amer. Ceram, Soc., 45 [4] 172-T7 S”ﬁ

"R, K. Cook, “Variation of Elastic Constants and Static
Strains with Hydrostatic Pressure; Method for Calculation
from Ultrasonic Measurements,” J. Acoust, Soc. Amer., 29
[41 44549 (1957).

J. H, trimfle and E. A, Giess, "“Glass Formation and
Properties of Glasses in the Srtem Nas0-B,0rSI0:-TiOy,” J.
Amer, Ceram. Soc., 41 {7] 23137 (1958).

¥ G, J. Dienes, “‘Temperature-De wdence of the Elastic
Moduli of Vitreous Silica,” J. Phys. Chem. Solids, 7 [4] 290-94

1858).

("0). L. Anderson and G. J. Dienes; Chapter 18 in Non-
C lline Solids. Edited by V. D. Frecheite, John Wiley
& Sons, Inc., New York, 1960,

AN T S Y

i e
e

Cem——

N e
T aias? seome

N RN WA TSN e

T e AN i




A
K
4
Y
)
¥
P
by
A

A

; -
i
!
A
i
4 .
p

WD AR TN T (AR JRIADIT r E I NN

T N VA EAT S - SR R R AL TS G g

INFRARED SPECTRA OF SEVERAL GLASSES

AT HIGH PRESSURES

By

J. R. Ferraro, M. H. Manghnani, and A. Quattrochi

TR

(HIG Contribution No. 414)

SRR 2T tha smes,

OEIYV Y SRS R e Y AN O L TR A




Infrarced spectra of several glasscs at high pressures®

J. R. Ferraro, M. H. Manghnani,t & A. Quattrochit

Chemisiry Division, Argonne National Laboratory, Argonne, lllinois

The infrared absorption spectra of crystalline a~quartz,
Jused silica, and Pyrex and Vycor (Corning Glass
Waorks) olasses were studied at pressures up to 588 kb.
The spectra of the fused silica and glasses are more
simple than those of a-quartz, and their three main
absorption bands appear at higher frequencies than in
the case of a-quartz. The intertetrahedral Si stretching
mode at ~ 800 cm U is found to be comparatively more
sensitive to pressure, whereas the intratetrahedral S1-0
stretching mode at ~ 1100 em 1 is less affected by
pressure. The Griineisen gammas yi, calculated from the
pressure dependence of the Infrared vibration mode
frequencies, are compared with the yin values and those
deduced from the pressure dependences of the elastic
parameters. The negative y values are discussed in terms
of the anomalous thermal expansion and elastic be-
haviour of glasses.

Gilass is a possible material for the hulls of undersea
vehicles and, therefore, there has been considerable
interest in the study of its structure und the behaviour
under pressure. Various physical tools have been used
to characterise the glassy state and to elucidate the
structure; onc of these is vibrational spectroscopy.
Much effort has already been devoted to the infrared
study of glasses at ambient temperatures and pressures.
Infrared absorption studies have been mudc on the
crystalline polymorphs and the vitreous forms of
§i03 1-18) and several Raman studies (14-17) have also
been conducted on quartz at high temperatures, More
recently the Raman spectrum of a-quartz was studied
under pressure.® However, the infrared absorption
spectra of glasses at high pressures have not been
investigated to any great extent.(19)

The basic structure of various polymorphs of silica
and silicate glasses consists of SiO4 groups in which
silicon atoms are tetrahedrally bound to four oxygen
atoms, each being common to two tetrahedra. Thus,
each oxygen atom is coordinated to two silicon atoms
and six oxygen atoms. In silica based glasses the

* Basad on work performed under tho auspices of the U.S. Atomic
Energy Commission. Supported by the Oflice of Naval Research,
contract numbers NOOO14-67-A-0187-003, NR 032-515, and NOOO14-
67-A-0387.0012, also NR 032-527 with University of Hawail.

t Resident Associate under the Faculty Rescarch Participation
Program, Permanent Address: Hawait Inatitute of Ceophysics,
University of Hawail, Honolulu. Hawaii Institute of Geophysics,
Contribution No. 414, .

$ Prosent address: U.S. Tobacco Co., Chicugo, Iinois

16 (Reproduced from Physics and Chemistry of Glasses,

arrangement of the individual SiQ4 tetrahedra s
repeated in a random fashion. The infrared spectra of
the silicate glasses correspond to the vibrations of the
8i0Q4 groups are and characterised by at least threc
main absorption bands at ~1100, ~800, and
~460 cm-!, Lippincott et al.t” assigned the various
absorptions based on a T4 symmetry: the high-
frequency absorption, ~ 1100 cm-l, to the Si-O
stretching mode corresponding to the motion of silicon
and oxygen atoms in opposite directions within tetra-
hedra, «-SiQ0— «Si; the intermediate frequency
absorption, ~800 cm -3, to the Si stretching mode in
which the Si stretches between tetrahedra, «SiOSi-»;
and the low frequency absorption, ~460 cm-!, to the
bending modes which involve a combination of the
0-Si-0O bending mode within the tetrahedra, and the
Si-0-Si bending mode between the (tetrahedra.
Normally, this latter absorption appears as a broad
band in the infrared; its position has been evaluated in
terms of the changes which accur in the Si-O-Si angle
between tetrahedral units in the glass structure, (0, 31
Anderson & Dienes3® have pointed out that the low
frequency Si-C-Si bending vibration is responsible for
the anomalous behaviour of vitreous silica under
pressure (that is the increase in compressibility with
pressure). One of the aims of this study was to investi-
gate the pressure dependences of the infrared vibra-
tional frequencies for a-quartz and the silicate glasses,
and to correlate the results in terms of their anomalous
thermal expansion and elastic behaviour.,

Experimental

Corning Glass Works glasses of commercial grade were
employed in this study. The specimens were crushed in
a hall mil!, and finally powdered by extensive grindirg
in an agate mortar.

The infrared absorption spectra at ambient condi-
tions were obtained by use of a Beckman IR-12
spectrophotometer and the KBr pellet method was
used. .

An opposed diamond anvil cell linked with a
Perkin-Elmer No. 301 spectrophotometer equipped
with a 6 x beam condenser was used to obtain the low
requency infrared absorption spectra (<650 cm-1) at
high pressure. Studies >650 cm-! at high pressures
were made with a Beckman IR-12 equipped with a
6 x beam condenser. The powdered sample was loaded
in the cell, and the pressure alternately increased and

(1972).)
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Flgure 1. Infrared specira of a-quartz and several
glasses

decreased to distribute the material evenly between the
anvils. During the pressure cycling the sample was
obscrved under a microscope. A description of the
pressure cell and the method used in pressure calibra-
tion has been previously reported, (23, 24

Results
Infrared spectra of x-quartz and silicate glasses

The material a-quartz, belongs to the trigonal system
and has a D3 symmetry with 3 SiQg units per primitive
unit cell. 28 Thuys a total of 24 optical modes of 41, As.
and £ species are predicted

I" = 4A(R) +4A(IR) +8E(IR, R)

where R and 7R represent the Raman and infrared
activity, respectively, The infrared spectrum is
observed to be simpler than that predicted by the
selection rules using the D3 symmetry; however, some
question has arisen concerning the suitability of
assigning the spectrum of a-quartz in terms of u Dy
symmetry as five 4; polarised Raman active bands are
observed instead of the four predicted by the selection
rules,

Figure 1 compares the infrared spectra of the three
glasses with that of a-quartz, As can be secen, the
spectra of the glasses are simpler and have only three
main absorption bands, whereas «-quartz shows

Table 1. Assignments of the principal vibrational
Jrequencies of a-quartz, fused silica, and Vycor and
Pyrex glasses

Frequency (cm 1) in

Vibrational Fused

mode -quariz stlica Vycor Pyrex

Ss10m + dusio 459 478 469 471

Veai0M-+ 783 and 800  ¥1$ 814 g2
(doublet)

VitijOs ~ 8 {082 tog? 1100 1095

Vo410 1168 — — —

Voo - - 1384 1390
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Figure 2, Pressure dependences of the Si stretching
vibrations in a-quartz

additional absorptions at ~ 700 (w) and ~ 1480 cm-!
(m to w), and a doublet is observed near 800 cm-1, The
observed frequencies of the major bandsatatmospheric
pressure are given in Table 1, The three main charac-
teristic absorptions of fused silica and of Vycor and
Pyrex glasses are at higher frequencies than those of
a-quartz, indicating larger force constants for these
vibrations.

Pressure dependences of the infrared vibrations

a-quartz. Tuble 2 and Figure 2 present the pressure
dependences of the vibrational frequencies of #-quartz.
As shown, the frequency of the broad Si-Q stretching
band at ~ 1080 c¢m-! decreases slightly and the
shoulder at 1168 cin-! shows negligible change with

{ | . | 1 ! 1 e L _| L 1
875 850 825 8OO 775 750 725 525 SU0 475 450 425 400 378
Frequency (em™1) Frequency (em™)

Figure 3. Pressure dependence in fused silica

(a) The Si stretching vibration
(b) The SiOSi and 0SiO bending vibrations
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Figure 4, Pressure dependence in Vyeor glass

(a) The Si stretching vibration
{b) The SiOS1 and OS10 bending vibrations

increasing pressure, The Si stretching frequencies at
~700-800 cm U and the mixed bending mode at
~460 cm! arc relatively more sensitive to pressure
and have positive dependence. The frequency of the
doublet at 783 and 798 ¢mi-! increases up to ~ 30 kb,
at which pressure it disappears, and a single broad
band appears. The latter shows little pressure depend-
ence at higher pressures.

Fused silica. Figure 3 and Table 2 show the effects of
pressure on the infrared vibrations of fused silica, The
frequency of the mixed bending mode in fused silica
near 475 cm-! decreases with increasing pressure, but
that of the Si stretching near 815 em-1 increases and
that of the Si-O stretching mode near 1090 cm !

BERELA Sl et ~~rm

588
A 2 aenit SR Sachalf el S
i \/ 294kb
294 &

147 kb

(

—~— 47 kb,

\\/
LI S S RUIUN WD R

P47 1438 1375 128

Frequency {em ')

§

b

<

H LIRS B B D DU
B7S 850 825 800D 775 750

I'reguency tcm 1)
Figure 8. Pressure dependence in Pyrex glasy

(#) The B O stretching vibration
(b) The Si stretching vibration

shows no change. within cxperimental error, with
increasing pressure.

Vycor and Pyrex glasses. Figures 4 and 5 and Table 2
show the effects of pressure on the vibrational fre-
quencies of Vycor and Pyrex glasses. The frequency of
the mixed bending mode for both of these glasses near
469 cm-! is observed to be independent of pressure.
For both glasses, which contain BeOs (3% in Vycor
and 13% in Pyrex) the B-O stretching mode at
~ 1385 cm ! shifts towards higher frequency. The
mode at ~ 1100 cm-! decreases in frequency with
pressure for Vycor, and is independent of pressure
for Pyrex. For both glasses the Si stretching vibration
increases in frequency with pressure.

Table 2. Effect of pressure on the principal vibrational frequencies of crvstalline a-quaritz, fused silica, and Vycor

and Pyrex glasses*

Frequency (¢m 1)

St-0- 8t

Pressure 0-5i-0 Si
(kb) bending stretching
a-quartz

0-001 459 12 69812
147 460} 2 7004:2
29:4 46142 n2 .2
441 463 12 704 2
588 464 1 2 7074 2
Fused stlica

0001 475412

147 47242

294 47242
441 471 +2

(split at 461°5)

58-8 471 .2

Yycor

0-001

14.7

294

441

38

Pyrex

0-001

14:7

29-4

441

388

* Only vibrations showing pressure dependence are included.
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Discussion

Pressure dependence of the infrared vibrations

The infrared active vibrations studiced under pressure
may be considered to be of two types, a stretching and
a bending type. Among the stretching types, one main
absorption band near 1100 e is related to the Si-O
stretching vibration within the tetrahedron (intra-
tetrahedral), and the other band ncar 800 cm ! s
related to the Si stretching, «-SiOSi--», between the
tetrahedra (intertctrahedral). Among the bending
types, one mode is related to the Si-0--Si bending and
the other to O-Si-O bending. The force constant, fr,
rclated to the intratetrahedral Si- O stretching type
vibration is larger than that of either of the two bend-
ing types, fa and fp. One would, therefore, expect the
Si-O bond within the tetrahedron to be comparatively
less sensitive to pressure. Similar behaviour of this
stretching vibration towards pressure has been found
for other compounds involving tetrahedral structure,
for example, sulphates and permanganates,(2® In the
case of the bending vibration, both an intermolecular
vibration, dsiosr and an intramolecular vibration,
dos10, are involved. The intermolecular mode involves
a motion of the atoms during the vibration which is
pseudolattice-like and should be sensitive to pressure,
and the intramolecular mode should be insensitive to
pressure. In a silicate glass the pressure dependences
of the intermolecular vibrations are thercfore closely
related to the compressibility of the glass structure,
The increase in frequency indicates a decrcase in
volume (increase in density) of the glass network, and a
concurrent increase in the force constant, The intra-
tetruhedral SiO vibrations arc insensitive to pressure,
and it is suggested that the individual SiOy4 tetrahedra
are not significantly affected by pressure up to the
pressures used, and thus the compression occurs along
the network whereby the tetrahedra move in closer to
one another. This is verified by the results which show
that the intermolecular mode, vsios, is sensitive to
pressure. The small sensitivity to pressure of the
absorption at 460 cm~1 may be due to the fact that both
a mode sensitive to pressure (dsiost) and one which is
not sensitive (dosio) are found beneath the broad
envelope. The net result is to diminish the effect of
pressure.

It is of interest to note that the frequency of the
$i-O stretching vibration a-quartz decreases with
pressure (dvi/dP== —0-07 cm-!/kb) as given in Table 3.
However, frequency changes with pressure could not
be ascertained, within the experimental error, for fused
sitica and the Vycor and Pyrex glasses.

The Si stretching vibrations in a-quartz are repre-
sented by absorption bands at 698, 783, and 800 cm-!,
the latter two forming a doublet which disappears at
pressures above 30 kb as shown in Figure 2. Corre-
sponding Si stretching vibrational frequencies in fused
silica and Vycor and Pyrex giasses at zcro pressure are
815, 814, and 812 cm-!, respectively. In all cases, there
is a systematic increase in the Si stretching frequencies
with pressure, the largest increase being in the case of
Pyrex glass (dvif/dP=0-27 em V/kb). The results indi-

Physics and Chemistry of Glasses Vol, 13 Nu. 4 August 1972
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cate that the compression of glass takes place along
nelwork chains, thus causing the tetrahedra to move
closer to one another, This effect appears to follow
the order Pyrex > Vycor > fused silica ~a-quartz, and
may be indicative of an ordering process occurring in
these glasses under pressure, [t is known that when one
adds a modifier such as Na2O to quartz, the frequency
of the vyi0s1 vibration at ~ 800 cm-! is decreased.® To
accommodate the sodium ions the tetrahedra must
move further apart, weakening the force constants
and causing a shift to lower frequency. The effects of
pressure appear, as one would expect, to give opposite
results.

The bending region, manifested by the broad infra-
red absorption near 460 cm-!, involves motion within
as well as between the tetrahedral groups, i.e. O-8i-0
within the tetrahedra and Si-O-Si linking the tetra-
hedra. As the cffect of pressure on the former mode
is not expected to be very large, any pressure depend-
ence noted for this frequency primarily reflects the
change in the vibration of the Si-O-Si bending bond
linking the tetrahedra. Borelli & Su() as well as
other workers have notcd that the corresponding
Si~0-8i bending force constant, fp, would be most
affected by the degree of disorder in glass structure.
One would, therefore, expect to find some interrelation
among the three following parameters of glass structure
the degree of disorder, the bond angle, f, and the
molar volume. However, because of the overlap of
two modes occurring at ~460 cm-1, no definite
conclusions can be drawn at this time.

As pressure would cause Si-O-Si bond angles in
the glass structure to vary, the pressure dependency of
the vibrational frequency of the Si-O--Si bending mode
must principally reflect a change in the bond angle, B.
In the present study the authors found that the
460 cm-! mode shifted towards higher frequency for
a-quartz (dv/dP=009 cm 1/kb), towards lower fre-
quency for fused silica (dvi/dP=—007 cm-!/kb), and
remained unchanged for Vycor and Pyrex glasses as
shown in Table 3. These differences between the
findings for fused silica and those for Vycor and
Pyrex glasses were unexpected, and may be due to the
presence of boron in the Vycor and Pyrex glasses.

Thermal expansion and the Griineisen parameters

Fused silica and Pyrex have negative thermal expan-
sion coefficients, ay, below 200K but these are reduced
by network filling agents such as B20s, Al:Os, or
Na20.127 In order to explain negative coefficients of
thermal expansion it has been suggested that the low
frequency transverse vibration of the oxygen atom in
the Si-O-Si network, which would be most casily
excited at low temperatures, causes the latiice to
contract. (28, 29

The volume coefficient of thermal expansion, av, is
related through lattice dynamics to specific heat at
constant pressure. Cp, the adiabatic bulk modulus,
K,, and the density p
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Table 3. Griineisen parameters calculated for the various glasses

v dvi/dP
Mode (em 1) (rm 1kb)
a-quarts
Saiomi + domo 459 00
Ve-8108)-+ 698 013
Ve-8i08)-+ 783 ol4

800 no shift
Vool .o o-a¢ 1082 - 007
Ve Al 481 1168 no shift
Fused silica
Sainat + oo 473 ~007
Ve miont o 813 017
Ve N0 s o AL 1093 no shift
Vycor
Saiom +domo 469 no shift
Venioni-a 814 on
Ve—pi0~s +81 1095 no shift
vao 1384 044
Pyrex
Saion +dosin LY no shift{?)
Vesiost-» 812 0-27
Vo-BLO—s +-8) 1098 no ghift
vYRo 1190 026

The $y term derived from ay measurements is, in turn,
related to the average of the volume dependences of
the acoustic and optical mode frequencies, v, weighted
by the contribution, Cp,, that each vibrational mode
makes to the total specific heat, Cp,

An

’ y‘Cp.
L — @

‘2 Co

where the Griinejsen parameter, y, is determined by

\ dan( K T dvc) 3
T Ay T (dl’ r Sy
where, Kr, is the isothermal bulk modulus,

The two limiting values of #in (high temperature
gamma, yur, and low temperature gamma, yr.r) can
also be calculated from the pressure derivatives of the
elastic parameters,!39 assuming that only the acoustical
modes contribute to y

yur = (yp+-24/3 4
(Vs/Vp)?yp-+ 274

T = o) ®

where

ys = 13+ K1{(dinve/oP)r (6)

and

e = 1/3 |- Kr(0Invy/0P)r. 4]

-

Table 4. Values of the Griineisen parameters for a-
quartz, fused quartz, and Vycor and Pyrex glasses

Fun yur Y1
a-quartz 0-69¢
Fused quartz 004 240 pab ¥4
Vycor 0:04 B E . 180
Pyrex 022 181 1-80

* From Reference 31,
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o ot AT

X Calculated
(kb )31, %

00026738 007
008

007

--002

0:0030211 ~003
007

00038183 —
007

003
0002887

012

006

. Here y, and y, are the gamma contributions due to

compressional and shear wave propagation and v, and
va represent compressional and shear velocities.

One of the unique aspects of glasses, fused silica in
particular, isthat ths low temperature Cyis significantly
greater than that calculated from the Debye theory
and elastic modulus data. This is presumed to arise
from the optical modes which are of lower frequency
than the acoustic modes but which, nevertheless,
produce a large contribution to low temperature Cj.
There is, however, no direct evidence that optical
frequencies are excited at such low temperatures,

Another unique characteristic of silica glasses is that
their acoustical frequencies, as represented by the
velocities of ultrasonic waves, decrease with hydro-
static pressure in both the transverse and the longi-
tudinal modes. If one attempts to calculate the average
7 from the acoustical y, and y, based on the volume
dependence of the room temperature acoustic velo-
cities as shown in Equations 4-7, it is found that the
calculated high temperature liniting value, yyr, is
considerably smaller than the, $in, obtained from the
aV, measurements at 298K for all glasses considered
in the present paper, A comparison of the #in and yyr
values for all three glasses is shown in Table 4. The
yur values are all in the range of —2 whereas the jin
for fused silica and Vycor at 298K are slightly positive
and the Pyrex 7 is about 402, The conclusion from
these calculations is that the optical y¢ must coniribute
a major part to f at room temperatures and that the
average optical mode, ¥, is slightly positive for fused
silica and Vycor glass and clearly positive for Pyrex
glass. These conclusions are in good agreement with
the values of the optical, y, obtained from the present
work and listed in Table 3.

As the present work and the mcasurement of the
pressure derivatives of the ultrasonic velocities®?) were
both carried out at room temperatures, the authors
cannot make a direct contribution towards explaining
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the negative i, in the silica glasses at lower tempera-
tures. One conceivable model is that the freezing out
of the optic modes with decreasing temperature
increases the influence of the acoustic mode, y¢'s, and
thus reduces, fin, to negative values. This explanation
4 presumes, then, that optical modes become less
ggg important below 200K and that they are then probably
; not responsible for the excess Cp. Measurements of the
acoustic and optical mode, y's, at low temperatures
would be of great value in understanding the unique
thermal properties of silica glasses.
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Infrared absorption spectra of sodium silicate glasses at high pressures*

John R, Ferraro
Argonne National Laboratory. Argonne, lllinois 60439

Murii H. Manghnani
Hawau Institute of Geophysics, University of Hewaii, Honolulu, Haweii 96822
{Rmcelved 1% May 1972; in fins) tarm 13 July 1972)

Infrared absorption specira of 12 sodium silicate glasses of varying composition (10 to 43 mole% Na,0) are exdmined
ot vatying pressures to 8.8 kbar. The pressure dependences of afl the infrared shaarption frequencies studied are found
to be positive Gruneisen y's are d from the p depandence of the infrard vibrations and elsstic perameters.

‘The results are compared with thise obtained from previous high-pressure studies of a-quartz and several ather silicate

glasees.

INTRODUCTION

Physical properties auch s elastic modull and mechani-
cal strength of silicate glasses are related to the density
of the 8i-O-8i bridges in the random -network structure
of glasses.' The addition of Na,O aa a network modifier
causes 1 breakdown of some of the 8i-O-8i bridges and
the formation of weaker 51-O-Na bridges and some
terminal Si-O bonds—in proportion to the amount of
Na,0 added. Further, some of the 8{-O-8i bridges be-
tween the BIO, tetruhedra may be stretched to accommo-
date the sodium fon in the network. As a result, the
elastic modull and strength of Na,0-S10, glasses de-
crease with an increase in the Na,O content. 1.8

Several infrared investigations have been conducted on
sodium silicate glasses,’=* Hanna and co-workers®*
have examined the infrared absorption spectra from
2500 to 50 cm*! at ambient pressure, and others*~* have
investigated the infrared reflectance spectra of the
glasses, However, the pressure dependence of the in-

frared spectra of such glasses has not been investigated.

This paper reports on a high-pressure study of the in-
frared apectra of 12 sodium silicate glasses {rom 1600
to 80 cm-'. The mode Grineisen parameters, y,, are
calculated trom the pressure dependence of all of the
intrared vibration mode frequencies examined, and the
values compared with the high-temperature limit of 7y,
yur arrived at from the pressure coefficients of the
eiastic parameters. The results are correlated with

previous pressure studies on a-quartz and several other

silicate glasses. '

HIG Contribution No. 465

EXPERIMENTAL.METHODS

Eight sodium silicate glasses (K nomenclature) from the
National Bureau of Standards and four (JRS nomencla-
ture) {rom Sweet and White® at Pennsylvania Btate
University were used in this study. Table I lists the
chemical composition of the glasses in mole%,.

The specimens were crushed in a ball mill finely pow-
dered by extensive grinding in an agate mortar. The
midinirared sbsorption spectra at ambient conditicns
were obtained using KBr pellets and employing a Beck-
man IR-13 spectrophotometer. The spectra {rom 650 to
80 cm"! were obtained with polyethylene peliets using a
Perkin-Elmer Model No. 301 apectrophotometer. The
region from 166 to 80 cm*! was also checked with heavy
concentrations of the glasses in Nujol. The instruments
were calibrated in the midinfrared region with polysty-
rene film; and at frequencies <850 cm™ with water
vapor, the Hg emission lines and with low-frequency
absorptions of solid HgO.

For the high-pressure measurements in regions of 333
to 80 cm*! we used an opposed diamond cell linked with
the Perkin-Elmer No, 301 spectrophotometer equipped
with 2 6 X beam condenser. ') Midinfrared studies at high
pressures were made with a Beckman IR-12 spectropho-
tometer equipped with a 6 X beam condenser. 2 The pow-
dored sample was loaded in the cell, and the pressure
alternately increased and decreased to distribute the
material evenly between the anvils. During the pressure
cycling, the sample was observed with a microscope. A
description of the pressure cell and the method used in
pressure calibration has been previously reported. et

1. Appl. Phys., Vol. 43, No. 11, November 1972
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TARLE L. Composition of NayO-810y glasnes.

e e

mole T Ratio
8amplo No. 810y N0 8104 /Ny
K-110 o 10 9.0
K-111 LS 156 5.7
K-11% 80 20 4.0
K-113 (3 26 50
K-114 70 0 2.3
K-115 65 15 1.9
K-118 60 40 1.6
K-117 56 45 1.2
JRS-2 66,9 3.1 2,0
JRS-3 64,5 45. 6 1.8
JRS-4 60,4 39.8 1.5
JR8-5 72.6 27.6 2.6
RESULTS AND DISCUSSION

A. infrared sbsorption spectra at varying pressures

Table II lists the infrared absorption bands at ambient
pressure for the sodium silicate glasses under study,
and Fig. 1 displays several typical spectra. Figure 2
illustrates the effects of adding Na,O to silica on the
various absorptions between 1400—-350 cm*}. The in-
creasing content of Na,0O causes a decrease in frequency
of the three absorptions at ~1100, ~960, and ~790 cm-!,
and an increase for the ~460-cm™! absorption, It {s of
interest to note that as the Na,O content increases, the
~790-cm"! band shifts toward a lower frequency than
that found in a-quartz, and the intensity is considerably
reduced. Since the number of S{-0-8i bridging units in
the network decreases with an increase in the Na,O con-
tent, it 18 expected that a decrease in {ntensity of this
absorption would also occur. ‘The low-frequency shift of
the remaining Si-O-Si bridging units is consistent with
a stretching of the Si-O bond as Na,O enters the network.
The ambient-pressure results are substantially in
agreement with the reflectance work of Sweet and White*
and the absorption studies of Hanna and Su, ¢

Although it is recognized that it may be incorrect to
characterize an absorption band by a particular type of
vibration in an amorphous material such as glass, !* we
find it convenient for purposes of the discussion in this
paper to indicate that the four modes of vibration on
interest may involve the following motions:

{a) ~1100 cm"!, 8i-O stretching within the tetrahedra;**
{b) ~960 cm"*, 81-O terminal, nonbridged stretching;*
(¢) ~790 cm-?, 81-0-5i bridged stretching between tetra-
hedra; (d) ~460-cm’, bending modes involving S{-0-8
and O-81-0. It should be emphasized that more definitive
assignments for fused and crystalline silica have noy
been made. '>!5-1*

Under conditions of our experiments no significant ab-
sorptions were found lower than the broad band at ~460
c¢m™!. Our measurements were carried out to 80 cm™*.
The pressure experiment is essentially a thin-film mea-
surement, and under these conditions the glasses ap-
peared to be transparent. When the glasses were mea-
sured in the far-infrared region as thick glasses, some
weak absorptions were noted.

J. Appl. Phys., Vol. 43, No. 11, November 1972
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TABLE U, Sodium silicate glassean. Observed infrared ahsorp-
tions at ambient pressure (cm), Abbreviations: & = strong;
m = modium; v very; b-hroad; w« weak

Glags v

(mole 7
Na,O)

a quartz(0) 1082(ve)® 78%m) 459(n)
800(m)

Fusod 1087(vs) 815(m) 476(n)

atlical0)
(10) 1086%(va, b) 787(m) 460(n)
(16) 1076% va, h) 788(m) 481(s)
(200 1065(va,h)  965(sh) 778(m) 462(»)
(25) 1065(vs) 975(va) 7686(m) 462(s)
(21,5 1075(vs) 280(va) 765(m) 458(s)
(30 1070(vs) 960(vs) 760(m) 460(n)
(33.1) 1078(va) 940(ve) 760({m) 460(n)
(45) 1070(vs) 940(va) 765(m) 468(s)
(36.5) 10754va) 940(ve) 760(w) 4468(n)
(39.8) 1080{vs) 990(va) 14 5(w) 481(a)
(40) 1060{vs) 935(ve) 750(w) 480(n)
(45) 1040(vsa) 936(vs) 130{w) 468(n)

.

*Asymmetric on high- and low-frequency ajdes of band.
*Very weak shoulder 980 cm, 1220 om,

Table 111 presents the pressure dependence for the four
main vibration modes, in terms of dv,/dP, for the
sodium silicate glasses, It is observed that dv,/dP
values for all the absorption bands are higher than those
for a-quartz and other silicate glasses, '® Figure 3 pre-
sents typical infrared spectra (sample K-116) under
high pressures. With an increase in pressure, frequen-
cies of the three bands shift toward higher {frequencies.

A LA DR A B N B

K-1T (SI0,/NagO » 1.2) —

1040 939

A
K~113 (810,/Nag03.0) ;

!

;
\‘ﬁ

- K-10 (8104/Na,0+90) ]

- :

TR W | ) | D SRR | . W A
1400 1200 1000 800 600 400 %
V em™) L

4

FIG. 1. Spectra (1400350 om) of seversl sodium glasses at
varying concentrations of 810;/NayO at ambient pressure,
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FIG. 2. (A Plot of tetrahedra $1O steetehing vibration va
mole’? of Nny(), (W) Plot of terminal N1 alretehing vibration
v mole'l of NagO. () Plot of §108i st retehing vibration ve K,
mole of NupO, (1) Plot of bending vibrations va mole'l. of

Nug O,

In pressure studies made on a-quartz, fused silica,
Vycor, and Pyrex glasses, the pseudolatticelike Si
stretching mode at ~800 ecm~! was found to be most
pressure dependent. !° For the sodium silicate glasses,
all of the vibration modes studied are pressure sensi-
tive, especially the tetrahedral Si-O stretching (~1100
em™'} and the bridging Si-O-8t stretching (~790 em*')
modes, and the terminal 8i-O stretching (~960 ecm™})
mode. The effect of Na,O on dv,/dP appears to be
greater than the effect of B,0, on dv,/dP in Vycor and
Pyrex glasses. Differences between the effects of B,0,
and Na,O on dv,/dP in silicate glasses are not unex-
pected since B;O, 18 a glass former and strengthens the
glass (e. g., elastic moduli increase as B,O, in-
creases), '? whereas Na,O i¢ a glass modifier and weak-
ens the glass,

The mode Grlineisen y, y,, in Table IIl are evaluated
from the relation

Y4 =%Gﬂ'},)n (1
where K, is the isothermal bulk modulus.

Whenever comparisons are possible, the sodium silicate
glasses demonstrate y, values which are higher than
those calcylated for a-quartz and other silicate glass-
e8,'° and in every case are positive, The a-quartz

and fused silica glass demonstrate negative y, values for
some modes and also show anomalous thermal expansion
and elastic behavior, '!° The positive y, values for the
sodium sllicate glasses are consistent with the effects
of network {illing agents such as Na,0 in diminishing
these anomalies.™ The higher ionic character of the
sodium silicate glasses i8 also contributory to the higher
sensitivity to pressure as opposed to the pure silicate
glasses or those incorporating the more covalent boron
atoms into the glass framework. 7'

B T R AT Lr TSRy TN o

Contrary to what was found for a-quartz and other mli-
cate glasnes, '° even the modes tnvolving the motions ot
the atoms within the 8iO, tetrahedra in the sodium sjli-
cate glasses are significantly predsure sensitive. Thus,
with an increase in pressure, the sodium silicate
glanses demonsdtrate compression along the intertetra-
hedral linkages, but in addition some distortions of the
individual tetrahedra® must occur, This difference from
a-quartz and related nonmodified silicate glasses must
relate to the ingertion of the modifying sodium fons in
the interstices of the glasses,

B. Thermal expansion and the Griineisen parameters

The observed negative thermal expansion coelficients,
@, at 7 <200 K for fused silica and Pyrex and the
effects of diminishing this anomaly by the addition of a
network filling agent such as Na,0 18 of considerablé
interest. 2% The coefficient, a,, 18 related to y,,
through the relation

5;'h n|’@/‘)(;"’ (2 )

Ay
where@is m»%&ﬂ&ﬁ‘.ﬁ%’?ﬁ‘.ﬁ modulus, pand ¢ ure

density and spectlic heat at constant volume. y,, is also
related to y, and Co, by the relationship

R P 3)
Yon -+ ‘}:{7,(,.,‘/2_', (/.," (

TABLE III, Mode Griinelsen pavametoars caleulated for various
sodium silicate glasses.

Glass v, dv,/dp X Calculated
{mole 1. (em*)  (cmi/kbar)  (kbart) 7
Na,0)
a-quartz(0) 783800 .14 0,00267 0.07
Fused 8156 0.17 0.00302 0.07
atlica(0)
Vycon0) 814 0,22 0.00382 0.07
Pyrex{4) 812 0.27 0.00289 0.12
(10) 787 0.64 0.002986 0.28
(26) 1856 0. 50 0.00270 0.24
(35 165 0.48 0,00252 0.26
(35, 6) ‘160 0.50 0.002563 0.26
(40) 150 0.60 0.002561 0.27
(45} 730 0.56 0.00232 0.33
a~qunrtz(d) 1082 -0.07 0.00287 -0.02
(10) 1085 0.46 0.002 986 0.14
(25) 10656 0.45 0.00270 0.16
{15) 1070 0.48 0.00252 0.18
(36, 5) 1076 0.60 0.00253 0.18
(40) 1060 0.42 0.00261 0.16
(45) 1040 0.42 0.00232 0.17
(25) 975 0.45 0.00267 0.17
(35) 940 0.35 0.00252 0.15
(35.6) 940 0.50 0.00253 6.31
(40) 935 0.40 0.00231 0.17
(45) 935 0.45 0.002 32 0.21
o-quartz(0) 459 9.09 0.00287 0,07
Fused 475 -0.07 0.00302 ~0.06
silica(0)
{10) 460 0.19 0.00295 0.14
(28) 462 0.13 0.002170 0.10
{as) 468 0,16 0.00252 0. 14
(35.8) 458 0.21 0.00253 0.18
(40) 460 0.13 0.00251 0.11
(45) 468 0,18 0.002 32 0.18
— . —.
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1060 935
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1 i 1 t | 1
1200 1600 800

v (cm™')

F1G. 3. Spectra of the K-116 glass at varying pressures from
1200—-700 em,

where y, is defined by Eq. 1) and C, is the specific-
heat contribution for each vibrational' mode to the total
Einstein specific heat.

Since the thermal expansion data were obtained at room
temperature and above, we will consider only the high-
temperature limit of ¥, designated as yyy. yyy may be
calculated from the pressure derivatives of the elastic
parameters, assuming only the acoustic modes contri-

buting to y;

Yar = *(Y’ + 27.)9 4
where
1 ? lny
Yo=§ +K. -——‘alnp)r (5)
and
-1 a_ln_va) .
=3 '”‘r( aP /, (e)

Here y, and v, are the y contributions to the compres-
sional and shear-wave propagation, and v, and », repre-
sent, respectively, compressional and shear acoustic
wave velocities, >

J. Appl. Phys., Vol. 43, No. 11, November 1972

Table IV shows a comparison of F,, and yy, for the sodi-
um silicate glasses at 298 °K. The values for a-quartz,
fused silica, Vycor, and Pyrex are also tncluded. We
have no ready explanation for the observed differences
in the ¥,, and vy values,

1t is significant to note that as the Na,O content in-
creases, the optical y, values are observed to increase
(Table III). The ¥, parameter increases slightly, but the
¥ny Values increase significantly, and s+e much more
sensitive to compositional changes occurring in the
glasses, It may also be observed that the negative vy,
values are related to the anomalous behavior in a-quartz
and fueed silica, for as Na,0 enters the glass, yy, be-
comes increasingly more positive and the anomaly de-
creases. Since Raman-active modes have not been ex-
amined under pressure, definite conclusions were not
possible. However, the positive pressure dependences
of the infrared-active modes examined, correlated with
the absence of any negative thermal expansion observed
for sodium silicate glasses,

SUMMARY

Infrared absorption spectra of sodium silicate glasses
vary systematically with composition and pressure. The
following findings are noteworthy:

{1) The strong broad band at ~1100 cm™! due to §i-O
stretching within the tetrahedron splits; the frequencies
of both of the resultant bands decrease with substitution
of Na,O in the structure. With an increase in pressure
these bands show a shift toward higher frequency.

(i1) The trequency and intensity of the bridging Si-O-8i
stretching mode at ~790 cm™! decreases with an in-
crease in Na,O content. The frequency was found to in-
crease with pressure.

{111) The low-frequency band, due to 81-O-§i and O-8{-O
bending modes, slightly i:¢ reases in frequency with
Na,O content, and with increasing pressure.

(iv) All values of dv,/dP for th& four optical vibrational
modes examined are positive..:

TABLE IV, Thermal and elastic data and the Grilneisen
parameter values for the Ns,O-8104 glannes.

(mole % Na,0O) Yr
(10 -1,36
(15) -0.84
(20 -0,31
(25) -0.17
(27.5) (see 0.32
(30} erratum) 0.49
(33.1) 9 0.68
(35) 0.71
{35. 5) 0.74
(39.6) 0.93
(40 1.03
(45) 1.08

a -quartz(0) s

Fused silica(0) -2,32

Vycor{0) -1.80
Pyrex(4) -1.80

SN. Soge, J. Geophys. Res. 78, 4227 (1987).
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{v) The y,'s calculated from dv,/dP are higher than those
for a-quartz and high-stlica glasses, reflecting the in-
crease in {onic character of the glasses as the Na,O
content increases.

(vi) As the Na,O content i8 increased in the sodium
glasses, the value of yy, increases significantly, corre-

lating with an absence of negative thermal expansion in
these glasses,
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Erratum: Infrared absorption spectra of sodium silicate ;
. B
glasses at high pressures
[J. Appl. Phys. 43, 4595 (1972)] |
{
! John R. Ferraro {
i Argonne National Laboratory, Argonne. 1llinois 60439 !
‘ Murli H. Manghnani ' j
! i
i Hawuaii Institute of Geophysics, University of Hawait, Honolulu, Hawaii 96822 !
' }
i In the manuscript on the high-pressure effects on the TABLE IV, Thermal and elastic data and the Griinelsen param-
; infrared absorption spectra of sodium silicate glasse ,, ster values for the Na,0-810, glanses. . ]
' two errors appeared inadvertently, These are (mole¥ Na,O T Yur - i
f 1. Equation (5) on p, 4598 should read as follows: (10) 0. 498 ~1,36 -
{ ; :15; 0,884 -0.81 !
3lny, . 20 1,147 -0,36 :
Y.=§+Kr(ap ) B (20 1,34 -0,17 ;
. (21,8 1,432 0.34 .
' 2, Table IV should read as follows: (30) 1,822 0.49 !
! (33,1 1,700 0,67 i
: (ag) 1.847 0.78 .
: (35, 8) 1,792 0.74 i
z (38, 0) 1.978 1,02 i
| (40) 2,037 1,07
. (48) 2.20 1.18 i
a~quarts (0) 0,894 0.48
Fused nilica (n) 0.04 -2,32 :
Vycur (0) 0.04 -1.80 i
Pyrex (4) 0.22 ~-1.80 {
e — - — '
¢N, Soga, J. Geophys. Res. 73, 4227 (1968}, '
* The listed ¥ th values should be divided by 3. A
: ; {
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Infrared absorption spectra of lithium and potassium

silicate glasses at high pressure*

John R. Ferraro
Argonne National Laboratory  Argonne, [lins 60419

Murli H. Manghnani

Hawati Institute of Geaphyaes, Umveraty of Hawai, Honolulu, Hawaii 96422

Louls J. Basile

Argonne National Laboratory, Argonne, Hhnols 60419
(Recelved 16 July 197))

infrared absorption spectra of five lithium silicate and alx pot

silicate glasses of varying

compaoaition (20 35 mole™ Li,00 and 15-40 male® K,0, veapectively) sre examined in the range
1300-100 em ¥, The frequencies of the main absorption bands decrease with an increase of
alkali-metal oxide (M, 0) content, with the exception of the 960 cm ™! shoulder for the lithlum
tilicate glasses. The pressure dependences 1o = 40 khar, of sll the main infrared shsorption
frequencics, which are pressure sensitive, are faund to be positive. The values of dv,/d P are higher
for potassium siticate glasses than for sodivm and lithium ailicate glasses. The effects of pressure are
found to he npposite to the compositional effects. The Griineisen mode y's, v,, evalusted from the
pressure dependence of the infrared shaorpiion frequencies, are spparently related to the polarizing
powee of the alkali-metal fon. The results discussed in light of previous high-preasure Infrared
abworption studies of fused sitica and sacdium aiticate glanses clearly indicate that ,, v, and ¥y,

genetally increase with M ,0 content in alkall ailicaie glasses.

1. INTRODUCTION

It has been demonatrated that the addition of an alkali-
metal oxide, such as Na,O, to the 810, tetrahedral net-
work in silicate glasses, in addition to effecting a minor
role of network filling at low concentration, causes re-
adjustment of the 8§10, tetrrhedra and, as a conse-~
quence, produces some structural distortion. These
effects are accompanied by breakdown of the 81-0-8i
bonds, and the formation of weaker, more fonic bonds
with increasing alknll oxide content. The vartations in
the mechanical,! elastic,? and thormal proporties,? and
infrared absorption spectra of sodium silicate glass-
e8,*~!* having different composition, reflect such struc-
tural moditication. In general, it 18 of interest to inter~
pret the composition dependence of the various prop-
erties of alkall silicate (M,0-810,) glassea in lgit of
the breakdown of 8{-0-8t bonds, formation of weaker
81~0~M links and Si-O bonds, and the resultant changen
in the S1-0-5i bond angles in the silicate glass struc-
ture. Such an evaluation is of particular value to better
understanding of ihe anomalous thermal and optical
properties of high-silica glasses.

The important conclusions reached in a recent paper
concerning the composition and pressure dependence of
the infrared absorption spectra of the sodium silicate
glasses in the 1600—100-cm™* frequency range were that
first, except for the 460-cm-! absorption band, frequen-
cles of the other three major bands decreased with an

{ncrease in Na,0 content; second, the preasure depen-
dence of the three major infrared vibrational modes v,
was positive; and third, the values of mode Grinetsen
gamma, v,, calculated from dv,/dP, were larger than
thona found for fused silica and that ¥, tor the ~800-
cni! band appears to {ncrease (outside experimental
errora) with Na,O content and fonic character of the
glass,

This paper is an extension of an sarlier study; its
purpose is to report on the composition and pressure
dependence of the Infrared absorption specira of five
1ithium silicate and six potasaium silicate glasses in the
range of 1500-100 cm™ and to pressures of 40 kbar,
The mode Griineisen parameters, v,, calculated from
the pressure dependence of the main {nfrared absorp-
tions, are compared with 7,,, and the high-temperature
Himit gamma valus, vy,, obtained from the prassure
coefficlents of the elastic parameters. The results are
correlated with previous studies on sodium silicate
glungen® and fused ailica.

i1, EXPERIMENTAL METHOD

Five lithium siltcate glasses and six potassium silf-
cate glasses, synthesired ut the National Bureau of
Standards, were used in thia study; the giasses were
annealed to 525 °C. Tables I and IT list the chemical
composition of the glasses in mole%. For obtaining the

TABLE 1I. Chomical composition of K0-810, glanses.

~81C a8ses,
TABLE 1. Chemical composition of LLO-810, glasse — —— prryTEa—
Bampla No. mole% 810,/L4LO No. 810, Ky
10 L4ho 1 T3 15 8.7
1 BO 20 4.00 2 80 20 4.0
2 75 25 3.00 3 ki 25 3.0
3 70 K /] 2.9 4 70 20 2.33 Phane goparation
4 @8 32 2.13 8 a5 35 1.88 Phase sepanation
5 a5 a5 1.80 [} 1)) 40 1.50 Phune scparation
63191 J. Appl. Phys., Vo), 44, No. 12, Decambey 1973 Copytight © 1973 Amwatican Institute of Physics 5391
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FIG. 1. Plots of vibratioual mode frequency vs composition in mole’f, M;0, where M is Li, Nu, or K. Zero mole’d, M0 is for
fused silica, (A) Tetruhoedral 85-0 stretching vibrution. (B) Terminal 8i-0 stretching vibration, (C) 8i-O-81 bridged stretching vi-
brution between tetruhediu. (D) Bending vibration involving 8i-0-8i and 0-81-0.

{nfrared absorption spectra, small portions of the
glasses were crushed and finely powdered by extensive
grinding in an agate mortar. The procedures of sample
grinding and preparation were conducted in a dry box
flushed with dry nitrogen. The mid-infrared spectra
from 1500 to 650 cm™ were obtained by using a diamond
anvil cell and Beckman IR-12 spectrophotometer. The
spectra in the range <650 to 300 cm** were obtained by
using a diamond anvil cell and a Perkin-Elmer model
No. 301 spectrophotometer, The instruments were
calibrated in the mid-infrared region with polystyrene
film, and at frequencies < 650 em* with water vapor and

e — =T -

Y 8i0,/L1,00 4 o/

-510g/Liz0 ¢ 3.0~ f

e
‘8104 /L1304 2.3 \/
\\\)’ Vs

§10g/Lig0* 1.9

Beckman 1R-12 acans Perkin-Eimer @ 301 scons
JEUUE SIS (Y RN [NV UPURI WO BUpy L 1 1
1400 1200 1000 800 4% 500 550
{cm™!)
FIG. 2. 8pectra (1200—700 cm™) of lithium sllicate glusses
with varying ratios of 810y /LLO at ambient pressure, observed
by using u diamond cell with a Beckman IR~12 spectrophotom~
eter. 'I'he gpectru (600 to 300 ¢cm™)) of the same glasses, ob-
served by using a dlumond cell with a Perkin-Elmer No. 301
spectrophotometer, ure also shown here,
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Hg emission lines, and with the low-frequency absorp-
tions of solid yellow HgO. For the high-pressure in-
trared absorption measurements <850 cm™, the op-
posed diamond cell and the Perkin-Elmer 301 spectro-
photometer equipped with & 6% beam condenser were
used. Mid-infrared measurements at high pr *ssures
were made with a Beckman [R-12 spectrophotometer
also equipped with a 6 X beam condenser,!® The pow-
dered sample was loaded in the cell in a dry box, and
the pressure applied in incremental steps. During the
pressure cycling, the sample in the cell was observed
with a microscope. A description of the pressure cell
and the method used in pressure calibration have been
«previously reported, 1%'¢

\w\//
510,/K0623 - ¥

Perhin-Eimer # 301 acons

N
- $i0§/Ke01.9 -
\“'\—./'”

Beckmon IR-12 scans

| 1 1
1200 1600

i i

1 — i o 1 .
800 (em™) 400 450 %00 5%
FI1Q. 3. Spectra (1200—700 cm™) of potussium silicate glusses
with varying ratios of 810,/K;0 at ambient pressure, obsorved
by using a diamond cell with a Beckman IR-12 spoctrophotom=
eter, ‘I'he spectru (600 to 300 cm™!) of the sume glusses, ob-

gerved by using a dlumond cell with a Perkin-Elmer No, 301
gpectrophotometor, ure also shown hove.
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TABLE ML, Lithium silicute glasses, Observed intrured ab=- TABLE 1V. Potassium silicate glusses, Observed infrared ab-
sorptions ut ambient preysure (emct), sorptions al ambient pressure teml),
Gluss Absorptions 2 Glass Absorptions *
(mole? Li,0) ()Y e A tmolet, Ky0) (1e 2* (e
20 1090 (vs, b) 800 tm) 180 Fused silica (0) 1087 {vs) 815 475
26 1075 (vs, b); 960 (sh)  BOO tm) a4 15 1070 (va, b) ¢ 80O 466
30 1060 (vs); 965 (sh) 790 ) 488 20 1066 (vs, b} 4 780 169
RS 1050 Lys); 970 (uh) 785 {m) 486 26 1080 (vs); 995 (v8)  T76 466
35 1050 tvs); 970 (sh) 790 tm) 448 30 1080 (vs); 976 (vy) 1780 469
B i1 1080 (vs); 975 (va) 770 469
s Abbreviations: v = very; 8 ~ strong; b = broad; m - medium; 40 1065 (vs); 945 (v8) 755 464

sh = shoulder,
b Limdt of frequency measurement ¢ b em
e Limit of frequency measurement : 3 emt,

-[l

itl. RESULTS AND DISCUSSION
A. Etfacts of compositional variation

Tables IIT and IV list the abserved absorptions at
ambient pressure for the glasses under study. The ef-
fects of increasing Li,0 or K,O content in the glass
composition are illustrated in Fig. 1, which also in-
cludes for comparison, the previously reported results
of some sodium silicate glagses,* Typlical spectra for
the Li,0-81i0, and K,0-810, glasses studied here are
displayed in Figs, 2 and 3, respectively. The frequency
of the ~31100-¢m™ band, related to the Si-O stretching
within the tetrahedral, decreases with an increase of
alkall content in both glass types (see also Fig. 1), the
offect being more marked in the tithium glasses. The
relationship in the potassium glasses is not as well de-
fined—the frequency increases slightly or remains in-
variant with the K,O content. If we represent the com-
position dependence of frequency by dv,/dC, where C ig
the mole¥/- M,O present in the glass, we have, from the
least-squares analysis of the data, the values of dv, /dC
for the ~ 1100-cm™! band in the lithium, sodium, and
potassium glasses as —-2.87, =1,04, and ~ 0,11 cm*/
mole?”, M,0, respectively. This clearly indicates that
the 8{-0 vibrational bond force constants may be weak-
ened to a much greater extent in the lithium glasses
than in the sodium glasses ay a result of increased M,0
content; for the potassium glasses, there is no appre-
ciable change.

The ~960-cm-! absorption represents the nonbridging
$i-0 terminal stretching, Simon'! has commented that
this band appears in alkali silicate glasses at nearly the
same frequency whenever the alkali metal oxide content
reaches a value of 25 mole'%. Our results are in agree-
ment with the latter conclusion, but it {8 found that the
frequency at which this band appears in the three types
of alkall silicate glasses studied varies with the type of
alkali metal present, being highest (~9956 em?) for a
potassium glass (Fig. 3) and lowest (~960 ¢em™) for a
lithium silicate glass (Fig. 2), This absorption band,
which appeared as a shoulder in the sodium glasses
containing 256 mole”, Na,O or more and which showed a
definite separation from the ~1100-cm-! band with in-
creasing Na O content, appears as a small shoulder

near ~960 em* in the lithium glass containing 25 mole’%

L1,0. It remains as a shoulder even at a higher concen-
tration, 35 mole”. 14,0 (Fig. 2), The value of dv,/dC
estimated for this band in the lithium glasses is 1,08

J. Appl. Phys., Vol. 44, No. 12, December 1973

sAbbroviatlons: v - very; 8 = strong; b = broad; m = medium,
8 Limit of frequency measurement 1 5 emt,

¢ Limit of frequency measurement ¢ 4 emt,

dAsymmetric on high~frequency side of ubsorption band.

cmt /mole”; this is only an approximate value in view
of the failure to resolve the band, For the potassium
glasses, this absorption is a very strong resolved band
appearing at 995 cin*! in the glass containing 25 mole%
K,O (Fig. 3). In contrast to the lithium glasses, the
frequency of this band decreases with increase of
potassium content, similar to that observed previously
for the sodium system.' The value of dv,/dC i8 ~ =2, 00
cm /mole% which is the same as the value obtained
for the sodium system. (For a comparison of the be-
havior of dv /dC for the band, sce Fig, 1 curves labelea
B.) This clearly suggests that, as a result of increas-
ing amounts of alkali -metal oxide, the $1-0 bond is
strengthened in L1,0-810, glagses but is weakened in
Na,0-810, and K,0-810, glasses. A similar effect is
also found in a study of Young’s moduli of these glass-
a8?; the Young’s modulus decreases in the Na,Q and
K,0-810, glasses but increases in L1,0-810, glasses as
the amount of atkali oxide increases.

The frequency of the ~800-cm™ band which is related
to the Si-Q-8i bridged stretching between the tetrahedra,
is observed to decrease with an increase in the M0
content in all three glass types (plots C, Fig. 1), the
decrease in the sodium and potassium glasses being
larger than that in the lithium glasses,

The frequency of the ~460-¢m™! band, which repre-
sents the bending modes involving 8i-0-8i and O-8i-0,
does not appreciably vary with compositiot: in all three
cases (plots D, Fig. 1).

An examination of Fig. 2 shows that as the alkali
oxide content of the 1ithium glagses increases, the in-
tensity of the ~1100-cm ™! band decreases, a conse -
quence of the decrease in the number of the 8i-0-8i
bridges that is also reflected by a very slipht decrease
in the intensity of the ~800-cm™ band, Simila. effects
are observed in the potassium glasses (Fig. 3). How-
ever, the intensity of the ~800-cm™! band decreases
more appreciably with increasing K,O content, and the
intensity of the 8i-O terminal nonbridging stretching ab-
sorption at ~960 ¢m™ increases and becomes as strong
as that of the ~1100-cm™! hand at a 810, /K,0 molar ratio
of 3.0, Also seen In Fig. 3 is a decrease both in in-
tensity and in frequency of the ~800-cm-! band in the
potassium glasses as the K,0 content increases, Simi-
lar effects of the absorption bands ~ 1100 and 800 em!
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frequency range 1200-T00 em! at varying pressures,
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were algo observed when the Na,O content increased in
sodium glagses.*

g,
Srar

this author, the lower the electronegativity of the alkali
metal (the order of electronegativity being Li> Na >K),

o £ 2 DI

When all the results for the three types of glasses
are compared, the compositional effect on the ~1100-
and 960-cm-! bands in the lithium glasses is more ob-
vious than found in the other two glass types. On the
other hand, the compositional effects on the ~800-cm™
band are the least apparent in lithium glasses, probably
due to the small size and large electronegativity of Li*,
which results in a less ionic Li-O bond. One might
correlate the above-mentioned effects with the behavior
of silicate glass under compression. To do so, let us
consider the compressibility of vitreous silica, which
is higher than in any other alkall silicate glass, and
which decreases as alkali-metal oxide is added, The de-

the larger is the x contribution to the #8{-O"M*=8{-O-
8i = bond. Thus, the higher electronegativity will resuilt
in the lower compressibility of an alkali silicate glass;
the available experimental data on the compressibility of
alkali silicate glasses support this conclusion, ?

B. Pressure effects

Tables V and VI present the pressure dependence of
the pressure-sensitive infrared absorption frequencies
for the lithium and potassium glasses, Figures 4 and §
depic( typical spectra of some of these glasses under
pressure. Except for the ~460-cm™ band, which does

N

s

crease in compressibility is in the order K>Na > Li
silicate glasses. '’ Revesz'® has commented upon the ef-
fect of electronegativity of the alkall metal of the oxide,
added on the 7 bonding between Si and O, and its effect
on the compressibility of silicate glass. According to

TABLE VI, Comparison of the mode Grilneisen parameters vy,
with yyy and ¥, for various potassium silicate glasses. Note
that the band at ~ 470 cm"! shows no shift with pressure within
experimental error.

St s e

Glass v dvy/dP  x* v Yur® Tt
TABLE V. Comparison of the mode Grineisen parameters ¥, (mole® (em ) (em!/ (Mbar) &
with yyq and ¥, for v?ﬂous lithium silicate glasses. Note that K;0) kbar)
the band at ~ 480 cm™ shows no shift with pressure within ex~ 15 300 0.20 212 oo 057 1.08
perimental error,
- R 20 780 0.66 3,163  0.27 ~0 1.34 4
Glass v, _ dv;/dP X% Y Tr® Yo' 25 716 0.52 3,095  0.22 0.3 1.69 5
(molo% (cm“‘) (cm“/ (Mbur“) * 0 780 0,52 ase ' ves Xy >" 1
L1,0) kbar) 35 70 0.52 cee eas vee ; %
20 800 0.26  2.446  0.13 -0.78 0.77 40 765 0.52 .o ! b
25 800 0.39 2,314 0.21 ~0,40 0,99 16 1070 0,562 3.212 0.15 X his
30 780 0,39 2,174 0.23 0.23 1.22 20 1065 0,40 3.163 0.12 '( 1’
32 785 0,39 2.092 0.24 0.43 1.36 25 1080 0.62 3.085 0.16 N :
35 790 0.39 2,027 0.24 0.71 1.46 30 1080 0.66 vee soe :
20 1090° 0.26  2.446  0.10 » e Ve ; .
26 1075% 0.9  2.314  0.16 : . 4
30 1060° 0.26 2.174 0.11 25 995 0,52 3.095 0.17 . R
32 1060° 0.26 2,092 0.12 30 976 0.66 (XX} “o 5 ‘§
35 1050% 0.26 2,027 0.12 35 975 0.52 sen ves H 3
40 945 0,52 oo L 3
SData from Ref. 2. ; 3
bShoulder to this peak too weak to follow with pressure. Data from Ref, 2. 2 ;
* The listed Vth values should be divided by 3. i
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FI1G. 6. Plat of dv,/dP va polarizing power (Z/r?) for M0~
510, glasses, where M=Li, Na, or K, (Z - clectronic change,
and r= mdiug (Ref, 19 of the alkali fon.)

not apprectably vary with pressure, the clu,/d!’ vaiues
for the ~800- and ~ 1100-cm™? absorptions are positive,
as was found for the sodium silicate glasses,*

For a given molar content of alkall oxide, the dv,/dP
values for the potagsium silicate giasses are similar to
those for sodlum glasses and higher than those for
lithium silicate glasses. The dr,/dP values for all the
absorption bands considered appear to be more or less
related to the type of alkalli metal present rather than
to the amount of alkali oxide in the plass, One explana-
tion possibly lies in the difference in the polarizing
power Z/r? {(where Z is the electronic charge and 7 the
fonic radlus) of the three alkali metals involved in the
composition of the glagses. Figure 6 shows a plot of
dv,/dP versus the polarizing power (Z /r?) of the three
alkali-metal fons. It can be seen that as the Z /r? value
of the alkali ion decreases, the dv,/dP value, fora
given mode of vibration increases, the pressure depen-
dencies being in the order of K > Na > Li silicate
glasses,

The mode Griineisen parameters v,, tabulated in
Tables V and VI, are evaluated from the relation

where x is the isothermal compressibility of material.
In all cases where comparisons are possible, the v,
values for the alkali silicate glagses are higher than
those for fused silica and reflect the more lonic
character of the former. The results are consistent
with the fact that the effects of adding alkali-metal
oxide to silica will diminish both the anomalous thermal
expansion and the elastic behavior of fused silica and
high-silica glasses, In general, the higher sensitivity
to pressure of the vibrational frequencies for the alkall
silicate glasses, as compared to that for fused silica,
and particularly the increasing du,/dP values from
lithium to potassium silicate glasses, is a consequence
of the increasing ionic character of the glagses as one
proceeds from fused silica to Li -~ Na —K silicate glass-
es. The previous study of sodium silicate glasses? and
the present results indicate that the insertion of these
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oxides nlso makes the motion of the $1-0 hond within
the 510, tetrahedra increasingly sensitive to pressure,
and that addition of potassium ions causes the greatest
change in the pressure dependence of this Si-O vibra-
tional frequency bond.

C. Correlation of compaosition and
pressure dependence of v;

The effects of composition and pressure on the vibra-
tional frequencies are found to he opposite. For the
alkali silicate glasses, almost all the infrared absorp-
tion frequencies decresse with increase in alkali oxide
content, whereas pressure dependence i8 positive in
all cages, except for the hond-bending vibrations at
~460 em', which does not show any appreciable change.
Kriiger, ¥ in a study of the thermal properties of sodium
silicate glasses at low temperatures, has considered
that the introduction of Na,O has two effects: (i) The
joined 810, tetrahedra readjust to a more ordered
angular position and (11) the notwork bacomes increas-
ingly disrupted. Our results are consistent with this
consideration. Increase of the alkali-metal oxide con-
tent results in a decrease in the intensity of the ~800-
cm ™! band, and the appearance of an ahsorption at ~ 960
cem™t, which is due to the nonbridging Si-O" terminal
vibration, As the number of the hroken 8i-O-8i links
increases to accommodate the alkali metal, more new
terminal bonds are created, thus causing the intensity
of the ~960-cm*! band to increase. The Si-O stretching
bonda within the tetrahedra also change, and probably
weaken 8lightly. In all cases the frequency decreases
with an increase of alkali-metal oxide, except in the
case of the bending viration frequency (~460 cm-?)
which reflects little change. One would expect that the
S1-0-~81 and O-51-0 bond angles also change with the
addition of alkali-metal oxide, However, no conclusions
on the bond angles can be made from the present study
of the infrared absorption frequency.

The pressure effects are opposite to the effects of
composition. All frequencies shift back toward the
position of the frequencies for fused silica, with the
exception that the terminal Si-O" vibration remains in-
variant. The pressure effects may be considered to
cause some ordering of structure, as was previously
reported for quartz and fused silica,!?

D. Thermal expansion and the Gruneisen parameters

The observad negative thermal expansion coefficients,
a,, at T<200 K for fused silica and a borosilicate
glass, and the effects of dimintshing this anomaly by
the addition of a network -filling agent such as M,0 is
of considerable interest.*"? The coefficient a, i8
related to ¥,, through the relation

T = 0 Ko /pC = 0 Ky /pCy = @y /pC X (2)

where K, and K are the adiabatic and isothermal bulk
modull, p i8 density, and (', and C, are specific heats
at constant pressure and volume, respectively, ¥, is

also related to v, and C, by the relationship

h_f‘ .’h{ ;
Y= ?_( "y, ?-jx Cypr (3)
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FIG. 7. Plots of ¥, and yyup v 810y /4,0 ratio for the Liso-,
Nn,0-, and K,0-810; glasses (from Ref, 21,

where v, 18 defined by Eq. (1) and C,, 18 the specific
heat contribution for each vibrational mode to the total
Einstein specific heat

Since the thermal expansion data were obtatned at
room temperature and above, we will consider only the
high-temperature limit of ¥, designated a8 vy, Yyy
calculated from the pressure derivatives of the elastic
parameters, *? agsuming that only the acoustic modes
contribute to v, are listed in Tables V and VI,

For the sodium silicate glasses, it was found that
¥ and ¥,y increase as more Na,O enters the silica
network, For the Si0,/Na,O ratio of 4 and larger, Yyq
was negative and this was correlated with the anomalous
behavior found in fused silica and high-silica glasses.
Tables V and VI show comparison of ¥,, Yy, and ¥,
for the Li,0 and K,0-810, glasses. Figure 7 shows plots
of ¥,, and ¥y versus the Si0,/M,0 ratio® for these and
Na,0-S10, glasses, In both plots the 7,, and v,, values
increase in the following order: K >Na> Li silicate
glasses, At lower 8i0,/M,O ratios, the v, values ap-
pear to converge to 1. 0. This trend then correlates
with the decrease in the degree of anomalous (negative)

* Consistent with the correctiong made in
upper plot of Fig. 7 is now 3Yth'
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thermal expansion due to the addition of alkali-metal
oxide to fused ©10,,
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A Study of Na,0-Ti0,-5i0, Glasses by
Infrared Spcclnmrnpy"‘

Murlt H. Manghnani

Hawaii Inatitule of Geophyaica, Universily of Hawais, Honolulu, Hawarii D822
John R, Ferrarot and 1. J, Basile

Argonne National Laboratory, Argonne, [llinoin 00430

(Reecived 20 August 1973; revision received 20 October 1973)

The infrared abaorption apactea of six NagO-Ti0,.Bi0, glasaen in the fraquency rangs of 1600
10200 em~4 are reported. Thesas glaasen, having a 81O/ Nag) molar ratio of 1.67 to 3.84, and eon-
taining 20 or 25 maole %, TiOy , demonateats two main absorptions at ~030 em=' and at ~450
em=1. A weak abaneption at ~700 em-* beeoman progressively weaker in intansity, and a weak
shoulder at 1050 em=! appears with increaning NasO) content. The fraquency of Q.Ko abaorption
band at ~050 em=! in found to deereass markedly and systematically with a decrease in the
8i0y/Nay) malne ratino, whereas the frequency of the band at ~460 em='showsa alight increase.
T_hn in!n\mf results may be interpreted in terma of & lowering of aymmetry oveurring for the
R0y unita. The effect of TIO, contant on the relationship betwoen vibrational fraquency is
diuased, The frequency componition eurven for glasses containing 20 and 28 mols %, of TIO,
Interaect at 8i0y/Nas() ratio ~2. A raversal in the frequency va RiOy/Nay) ratio rolation wna
alnn found at RiOy/Nag) ~2 for the sodium silieato glasees,

INpex Heanovas: Infrared spectroscopy ; NajO-TO4-8104 glasses; Componitional effecta,

INTRODUCTION

The glasses in the ternary Nay()-Ti0:-8i0, syatem
have been employed by several workers to demonstrate
the effect of modifying ions, such as Ti** and Na*, on
the optical, thermal, electrical, and other physieal
propertiest-* of silicate glasses. In most of theae studies,
the role of Ti** has been particularly emphasized,

Recontly a study of the pressure and temperature
dependence of the elastic propertion of the NayO-TiOs-
Bi0O; glasses hag been reported.t The purposes of this
paper are to report the infrared absorption character-
istics of the same Nay0-110,-8i0s glasscs and to in.
terpret the effects of composition on the structural state
as revealed by the infrared abrorption spectra,

In simple binary glasses, such as those in the nystem
Na,O-8i0,, the various physical propertics such as
mechanical strength and elagtic moduli are related to a
number of the 8i-0-8i links in the random network of
silica tetrahedra. The addition of Na,O as a modifier
cauncs the breakdown of these links and the formation
of weaker 8i-O-Na terminal links as reflected by the
decrease in the Young's moduli of glasses in the binary
Na,O-8i0, glasses as the NosO content is increased.’*
It is of interest to underatand how such a modification
of the structure is affected in the presence of Tit* lons
which occupy intratetrahedral positions at low concen-
tration and the intertetrahedral positions at a high con-
centration of TiOs! We have carried out this study to

* Based on experimental work performed at Argunne National
Laboratory under the auspices of the United States Atomie
Energy Commission, Work st the University of Hawail
supported by the United Btates Office of Naval Research,
Metallurgy Program, under Contract N00034-67-A 03870012,
Nr 052-527. Hawail Institute of Ueophysics Contribution
854,

t To whom correspondence should be sddressed.
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shed some new light on the changing role of & modifying
oxide (N8,0) added to 8104 structure containing another
network-forming oxide (TiOy) in which the cation Ti¢+
haa different ficld strength,® Z/A%, than that of 8¢,

1. EXPERIMENTAL PROCEDURE

The six glasses omployed in thin study were obtained
through the courtesy of G. W. Clerk, National Bureau
of Standards, who has previously reported their physical
and optical properties.! The pressure and temperature
dependence of the elastic moduli of the same glasscs has
been recently reported.? Their chemical composition i
given in Table 1.

The mid-infrared absorption spectra of these glasses
in the range of 1600 to 200 cm~! were obtained with &
Beckman 1R-12 spectrophotometer, using the KBr
pellet technigue, The instrument was calibrated in the
mid-infrared region with polystyrene film and CO gas,
and in the low freouency region with H,O vapor and
solid yellow HgO.

II. RESULTS AND DISCUSSION

Iigs. 1 and 2 show the infrared absorption spectrs of
the Na,0-TI04-8i0; glasscs containing 20 and 25 mole %
TiOy , respectively. Table 1 lists their composition and
the vibrational frequency assignments for the two main
absorption bands at ~050 and ~450 cm™!.

A. Symmohy of SIO, Units in N.'O“TlO]‘S‘O' Glasses

As Ns,O and TiO, are added to the base silicate glass,
the symmetry of the 8i0, tetrahedra should decrease,
and this will affect the vibrational apectra of the glass.
Table 11 illustrates the correlation table for the sym-
metry Ta and the lower symmetries D , Car, snd
Cy, . It may be obeerved that two Fy infrared-sctive
modes (stretching and bending) in T symmetry will

APPLIED SPECTROBCOPY




. TABLE 1. Chamical composition and the infrared absorption WAVELENGTH um
}5 frequency assignments for the ~ 930 and - 450 cm ! vibration [ 9 10 H 1213 408 25 %0
i "}‘L modes in Na,0.Ti0,.5i0, glasses. 100 g— l' ~TTT LAas 118 IS B Aas IERC
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i
' . 10060 ¢ | N
» N\
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o T
g" sol \../‘\ 2
g L.l L. _ .
- 1200 1000 00 600 400
[ Cl)
60l 100— REQUENCY (em ‘)
Fia 2 Yofrared uhsurpl ion upecten of NugO-T50, glissen con
tuining 26 mole ©; THOy . Glass 4 contains 17.6 mnlv . Nad)
—~ and 67.5 mule ¥, H( by glane B contains 22.5 mole ©; NasO and
] K25 mode ' SOy, ghask 6 cottaing 27.6 mole ¢ NayO and 47.5
w 80 mole ', SiOy,
>
5
da TABLE 1. Correlation chart for Tes Duy Cp and C,,
« é 60 symmetries.
e ..t.,.-___. .
e AN, o m.uﬁ- - wam
40 um 1R ‘f:mm
1200 1000 800 600 400 1].(" Re— IKIR, R IP4IR. R) ﬂl.ﬂﬂ 1]
FREQUENGY (cm™") o n NIPdIR, ==ty n
Fra. 1. Infrared shuorption npw'rn of NaaO 10,810, glianenx e ‘—::—W @) ~---~~—»‘- :
containing A mole *, TiOy . Gluks 1 eondsins '175 :nnlv ' “"' "'r“""d "I""“‘ll "f “ll‘ Ny O-T0,-Ri0, gliwses g
NusO wnd 620 mole ©; MU,. RIRK 2 contnins 28 0 mulqs ] Nu,n remin erther simple, Our experimental results anvtdv 1
and 85.0 mole ©; SiOy; glasn 3 containe 30 mole © Nn,() nned svidenee for o Dy symmetry for the 8i0; unity, al- f
B0 mole 7 Si), though the Cy symmetry eannot be eliminated. No :
evidener for a Cyy symmetry ix observed, : s
corselate to four infrared-netive modes (28, + 2F) in At least two stretehing modes appear in the infrared | 5
the Dy symmetry. For Ca, symmetey the two Iy mides "p‘""y‘"“: a shoulder '.“‘ ~1050 "‘1".3 and a main ab- .
correlate to six modes, active in the infrared and sorption at M0 em™! (in the 20% Ti0, g, No. 1). 3
Raman. Three of these modes will be Ay type and three The region is very broad. Tn the bending reRIon, ""l‘v,.‘,' k
will be K type. For Cyy symmetry cight modes will be- broad absorption: appears at 452 em™! (in the 20% i
come active in the infrared and nine modes in the ’lj(), glass, No. 1), 'l"hv broadness of the band is nuh_cn- B
; Raman. Thus, the infrared-active modes for the vibra- tive of the overlapping of several modes, each having }
p tionk involving 8i0, units, based on each symmetry, are cquivalent energy. This band was not resolvable at "
; as follows: room temperature, . g
' Table HI summarizges the frequency assigniments for 1
: Ta symmetry — Iy = 2§ the 8i0, vibrations existing in a 13 symmetry. No ¥
{ Dy symmetry — I')p = 213, + 215 vvidence was obtained for Ti-O vibrations in these 1i
: Cav symmetry — 'y = 3A; 4 315 glnssen, seanning the infrared  region to 200 em™!, §i
5 Cav symmetry — 'y = 447 + 2B, + 21, Rutilet® hing strong bands at 695 and 608 em~* and weak ’é
v !
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TABLE 111. Infrared assignments for the SiQ), tetrshedron
vibrations in I, symmetry.

Approximate
frequency position
D, Assignment (em V)
15, S0 terminal sireteh ~ 050
[I1) N0y bendug ~ 4
o S utreteh ~ 1050 (sh)
¥ Rit); bending ~ 45

bands at 423 and 332 em 4, while the Ba,TiO ! shows
infrared absorptions at 770 and 371 em Y The region
of 600 ta 700 em b in Ny O-TiO, S0, glasses s free of
absorption The lower frequeney region at <4 em !
ix obsewred beeguse of the broad absorption oceurring
in the region.

B. Assignments for the Intermolecular Vibrations

The weak vibeation st ~790 em ¢ has beon assigned
to the «—8iORj-s stretehing mode between the Si0,
tetrnhedra? % The bending mode 8i-0-81 has heen
assigned in the encrgy regaion of the broad envelope
oceurring al ~ £ em I8

C. Relation of Vibrational Frequencies with Composition
in N#2,0-TiO,-Si0, Glasses

Referring to Figs. 1 and 2 and ‘Table TH, the absorp-
tion at ~0 em ¥ s attributed to the 8.0 terminal
nonbridged vibration, and the ~450 em - abrorption is
atteibuted 1o the vibentions involving 81-0-8i and
O 810 bending mundes, referred to and diseussed in an
earlier paper.d 1 The shoulder at ~1050 emt, ap-
pearing as the NuyO content inereases, is askigned to
the 8i-0 stretel within the 810, unit. Absorption at
~ 790 ¢m -, due to 81-0-8i bridged stretehing between
tetrahedrn, which is strong in glasses (3 and 6) con-
taining Jow NnO content, beeomes weaker as the
N0 content is increased (compare the spectra of
wlasses T -3 and of 4 - 6 in Figs, 1 and 2, respectively),

Fig. 3 illustentes the effeet of the 810,/ NaO) ratio on
the two main absorption froquencies (~950 and ~450
em-, respeetively, for the Nag-Ti0,-810; glasses. The
previous results for the sodium silicate glasses™ are alzo
inchuded for comparison. As seen, the frequeney of the
~030 em-! absorption band deercases systematically
and nonlinearly as the Na,O content is inereased (e,
as the 8i0/Na,O ratio deerenses), The frequeney-
compogition eurves for the two types of NaQO-Ti0;-8i0,
ghasses, one containing 20 and the other 256 mole %
Ti0)y , interseet at SiOy/ NO ratio ~2, corresponding
to ~2% molar % of MNa). The effeet of inereasing
N0 eomtent on the ~ 450 em-t absorption is opposite
and less marked— the frequency inerenses slightly with
a decrease in 8i0y/Nn,O ratio. Here again, the t‘wu
curves for the 20 and 25 mole % TiOy compoxition
interseet at 8i0;/Nast) ratio of ~2. It is of interest to
neie from Fig. 3 that the relation of frequeney v
8i0,/NayO for sodimm silieate glasgses inverts at 8i0y/
N0 ratio value slightly fess than 2 (~18 mole %
N, The inversion effeet for the sodium silicate

258  Volume 28, Number 3, 1974
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Fia. 3. Frequency ve Ri0y/'Nug) ratio for 8i-O stretehing
(=050 em' M) and for the SiOy hending madens (~ 4560 emc).

glaxses corresponds to NaO comtent of 35 mole %, the
structure parameter y = (6 — 200/p), where p is mole
Y B0 M heing equnl to ~3, Whether the canses of
the two observations at 8i0s/NagO) ~ 2 for the Nas0)-
Ti0-8i0, and NagO-8i0; glasses are telated in not
established. On comparing the results of parts A and B
in Fig. 3, it ix found that the role of Ti0s content in
enhancing and diminishing the composition dependence
of the vibration frequencies of the ~050 and ~450
em-! ahsorption bands, respeetively, 8 not similar,
Increase of TiO; content diminishes the effeet on the
~050 em™! absorption frequeney and enhances it for
the ~460 env ! frequency.

1Il. SUMMARY

1. Data are prescuted to indicate that the symmetry
of the 8i0, units in NnoO-Ti0s-8i0s glusses has lowered
from Ty to Dy (or Cyy symmetry).

2. The two main absorptions at ~950 em-* and
~4em b ooccur at lower frequency than in the
Niy()-8i0, glassos and fused silica. Significant shifts
townrd fower frequency occur as the NusO content is
inereased.,

3. Fregueney of the terminal 8i-0 stretching mode
(~050 ¢t?) is more sensitive to added NagO than the
80, bending modes are,

4. The effeet of adding NasO on the 8i-0) terminal
stretehing mode (~950 em %) is opposite to that found
for the 8i08i and 0-8i-0 bhending modes —decreasing
frequency acenrring for the stretehing mode as the
Nua() content inereases, and increasing frequeney for
the bending modes with an inerease in NaO content.
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2 A, For each absorption (20 and 25%. Ti()), the R R, 1. Shaw and D. R. Uhlmann, J. Non-Crystalline Bolida
1 & frequency va 8i0,/NigO ratio curves interscet at ~2, s, Ao, ;
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EFFECTS OF COMPOSITION, PRESSURE, AND
TEMPERATURE ON THE ELASTIC, THERMAL, AND ULTRASONIC
ATTENUATION PROPERTIES OF SODIUM SILICATE GLASSES

By

Murli H. Manghnani

(HIG Contribution No. 598)
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(To be published ln: M. Kuuigi, M. Tashiro, and N. Soga (eds.), ]
Proceedings of the Xth International Congress on Glass, July 1974, !

I Kyoto University, Kyoto, Japan.)

) EFFECTS OF COMPOSTTION, PRESSURE, AND TEMPERATUHRE ON ;
. THE ®LASTIC, THERMAL, AND ULTRASOMIC ATTENUATION i
i PROFERTIES OF SODIUM STILICATE GLASSES
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MANGHNANI, M.H., 3INGH, B.XK,
Hawall Institute of Geophysies, University of Hawail
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INTRODUCTION
In the course of reviewing various thermal and elastic properties of
glasses, it has been clearly shown (refs., 1-2) that two types of anomalous
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behavior exiat in the vibrational properties of inorganic glasses,

The first 18 related to abnormally low-frequency vibrational modes for
which volume dependence of frequency ( i.e., dw/dV) is positive, and in-

1 cludes anomalous properties such as negative thermal expansion coeffi-
cient, positive temperature derivative of elastic modulil and negative
pressure dervivative of elastic modulil, all of which are characteristic of
the tetrahedral plasnses like fused silica. The second type depends solely
upon the low-frequency vibrational modes and includes properties such ag
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large acoustic loss, excess specific heat, and low-frequency Raman acat-
tering, all of which are characteristic of glaasy state, 1in general. This
paper reports on the elastic modull, thermal expansion and acoustic loes

X in fused silica, and in seven sodium silicate glasses, as the function of
b . composition, pressure, and temperature. Although several investigations
on the elastic and thermal properties of alkall silicate glasses have been
carried out (e.g., refs. 1, 3-6), virtually no data exist on ultrasgonic
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attenuation in such glasses, except for some lower frequency, high-
temperature data (ref. 22). ;

The elastic properties of simple silicate glasses in general depend ;
on the density of the S1-0-81 bonds in the random network of silica. %the 3
addition of a network-modifier such as Na,0 renulta in a breakdown of some :
of those bonds and the formation of relatively weaker 31-0-Na bonds in
proportion to the Na,0 added. In this manner, Charles (ref. 7) has shown
that Young's modulus in the Na20—3102 glass system decreases systemati-
cally with increase in N320 content.

It is of interest to study the changes in the anomalous behavior of :
tetrahedral silica-1ike glasses as they are progressively modified by the i
addition of Na20. The purpose of this study is to investigate the elas~
tic, thermal, and ultrasonic attenuation properties of the glasses in the
Nazo-sw2 glasa aystem in an effort to elucidate the structural changes
in the random silica-based network, and the mechanism involv.d.
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(From: Preprints, Tenth International Congress on Glass, No. 11,
Strength (II) and Hardness. Viscoelasticity and Elasticity.)
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EXPERIMENTAL TECHNIQUES
Fused sil4icza {CGW code 79L40), obtained from the Corning Glass Works,

Cerning, New York, and seven sodium sillcate glasses, synthesized at the
National Bureau of Standards, Washington, D.C., were used in this study.
he chemical composition and annealing temperatures of the sodium silicate
glassen are given in Table 1. Right circular cylinders, 1.25 cm long,
were prepared from the glans samples for the veloclty measurements as
function of pressure (to 5 kbar at 298° K) and temperature (298-498° K at ;
1 bar); cylinders of approximately the same length but larger diameter :
(v2 cm) were used for the low-temperature (80-298° K) attenuation and velo- :
¢ity measurements, in order to minimize the errora of the slde-wall f
effects in attenuation work. The end-~faces of cylindrical specimens were :
paralleled to within 1 part in lnu parts, and polished flat to t1/2 wave- :
length of sodium light.

The pulse superposition technique (ref. 8) was employed for studying
the pressure and temperature dependence of ultrasonic velocities and,
hence, of the moduli. X- and Y-cut quartz transducers, 0,65 cm diameter,
having 20 MHz nhatural resonant fregquency were used to generate compres-~
sional and shear waves 1ln the specimen; 30 MHz transducers were used for
attenuatlon measurement. The bonding materials between the specimen and
transducer were: Dow-Corning 276-V9 resin for the pressure measurements
at high pressure; HT-424 epoxy (manufactured by American Cyanamid Co.) at
high temperatures (298-498° K); and 'Nonaq' stopcock grease (Fisher Scien-
t1f1ic Co.) for the low-temperature velocity and attenuation measurements.
The detalls of the ultrasonic equipment, the high-pressure and high-tem~
perature apparatus, and the procedure for evaluating the pressure and
temperature velocity data have been deseribed previously (ref. 9). The
basic experimental measurement was the pulse repetition frequency (PRF) of
the carrler rf wave applied to the transducer attached to one plane-
paralleled faces of the speclmen. At the 'resonant' condition, ignoring ;
the effects of the bond, the velocity 1s given by v = 2% where £ is PRF ;
rate (1.e., reciprocal of a round-trip delay time) and & is length of the 'i
specimen. For evaluating veloclties and moduli at high apnd low tempera- ﬁ
tures (above and below 298° K, respectively), correctlons were applied for
path-length changes, using the measured expansivity data (4n the 298-498° ; j
range). The results, to be discussed later, are shown in Fig. 4. : A%
The "modifled" pulse-echo-overlap (ref. 10) was employed for making ;
the low-temperature measurements of ultrasonic velocitles and attenuation
simultaneously, and liquid-N2 dewer and the electronic equipment similar
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5
to that given in ref. 10, The method allowed a continuous recording of 3
b attenuation with temperature, the resclution of measured attenuation values 5‘:1-
being 0.04 dB or better. The accuracy of the measured velocity 1s esti- @
mated to be ,03% or better, i
%‘
DISCUSSION OF RESULTS 1
1. Elastile Moduli at Ambient Conditions. The elastic parameter measure- \]
ments for fused silica and the Na,0~510, glasses at 20 MHz are listed in
Table 1. The density of the N520-8102 glasses continuously increases ;
tavle } ’:
Componition, and alastis and shoraal preparcios of fused silice asd “
Ne40-810, slaseos as snblast conditians 3
Sleas me.  pilaljies: Asm W M v v ' c eynred, ¢ v Y .’
io, Wao v o alend walber  aerbee [ ST PP St TR w " ;
Fused sllien .|
{1900) 190 L] 1,080 20.02 2,303 5,981 ). T6h hot.1 Q.29 [ 23% 3] 361.2 0.019 2,37 {
K110 (1] 10 15 20.08 2,208 $.365  y.a7e bbt.0 Q.263d 1,236 1384 0166 1,38 5
[ $3 %3 [ 1] 13 %o 20.11 ¥.3% 5,857 3.35%% *53.9 0,264 2.1)9 LI} 0,205 <0.8) :
Xz 80 20 420 2014 2.18) 5. 382 ).25% (23 ¥ ©.26%4 2.86) 138.% 0.)82 .6 ¥ B
[29 %] i3] 3 %10 0.18 2.4 3. 361 3.199 (3139} 0.2660 328 .8 [N 1}] 0,37 :
[$90% 19 0 (X1} 20,21 2.7h $. 8 301 LTI Y 0.2664 36 39.6 0.511 o 3
[ $3%1 [1] 1 (343 20,26 2.49% 5,361 3.0 had.v 0,268 LY¥8 )Y a0 0.616 o.I7 b
[ 3979 0 LT} [X14 20,31 3.3%0 5,801 2.99) MB L 0,266 .39y 830.6  0.676 1.0 '
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with increasing Na20 content, however, the velocities of both the
compressional (Vp) and shear (Vs) waves decrease. QGood agreement is found
with the unpublished velocity data of Krause and Kurkjian (personal commu-
nlcation, 1974), as seen in Fig. 1. The present data indicate a minimum
in Vp near 25 mole % Nuao composition; thereafter V_ seems to increase
with increasing N320 content. Fig. 2 shows the composition dependence of
shear (u), bulk (K), and Young's (E) modull. Both y and E decrease non-
linearly but systematically with increasing Na20 content; K modulus in
fused sllica appears at first to decrease when N820 is added but, above
10-12 mole % Nas0),1it continuously increases. These results show that the
role of added Na* 1s twofold: (1) the ions fill-in the void space in
s8ilica structure; and (2) they modify the S1-0-Si bonds, forming weaker
51-0-Na bonds in proportion to the amount of Na20 added and causing moduli
to decrease (ref. 7).
2. Pressure and Temperature Dependence of Elastic Moduli. The pressure
dependence of the elastic moduli of Na20-8102 glasses 18 found to be
linear, within experimental error, in the pressure range of this study
(5 kbar), Lower soda-content glasses appear more anomalous (i.e., dK/dP
and du/dP are both more negative); the anomalous behavior systematically
decreases (l.e., becomes less negative) with increase in N320 content
(fig. 3). At lower Na,O content (< 20 mole %), the values of dK/dP and
du/dP change more rapidly with composition than at higher content (> 20
mole %). From Fig. 3, dK/dP and du/dP are zero for glasses contalning
approximately 16 and 25 mole % Na,0, respectively.

The regults of the temperature dependence of fractional velocities,
(Vp)T/(Vp)? 8 and (VS)T/(VS)Q9 ,? and of shear modulus are shown in
Plgs. U and’5, respectively. "Except for glasses K110 and K11l (containing
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Fig. 4 Longltudinal- (left) and shear-wave (right} velocity ratio
versus temperature. The values in parentheses represent
Na,0 mole %.
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10 and 15 mole % Na20, respectively), the temperature dependence of Vp
(above 298° K) in all of the others is normal (i{.e., negative temperature
derivatives); for Vs, only K110 shows anomalous behavior (i.e., positive
temperature derivative). The values of dK/dT and du/dT from both the high-
and low-temperature measurements at 298° K are in good agreement (Fig. 6).
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Fig. 5 Shear modulus ratio Fig. 6 dK/4T and dp/dT
versus temperature. versus N320
content.

Here 1t 1s again noted that the degree of anomalous behavior (positive
AdK/dT and du/dT) decreases with addition of Na20. The composition depen-
dence of dK/dT is linear; but that of du/dT 1s somewhat nonlinear, at
least for higher N320 content.

In the course of a study of the acoustlc spectra of Na20—0e02 glasses
(ref. 11), it was polnted out that a 30% Na,0-70% GeO, glass shows low-
temperature thermal relaxation at ~125° K, The low-temperature results in
Figs. 4 and 5, showlng reversals in the anomalous behavior of fused silica
and the K111 and K112 glasses, also indicate such thermal relaxation. The
minima in the veloclty and modulus (around ~120° K), caused by the thermal
relaxation, is seen to shift to higher temperatures with increase in the
Nazo content; also, the magnitude of thermal relaxation decreases, as in-
dlcated by increasing linearity of the curves, with increasing Na20 con-
tent.

3. (druneisen Parameters. The thermal Gruneisen parameters, Yen *
“VKs/pcp = aVKT/pCv, were evaluated using measured Ays KB and p values,
and calculated Cv values; the latter were obtalned from the Debye theory
(ref. 12). Values of Debye temperature (BD). C,» and v, are given in
Table 1. The Yin values systematically increase with increase in Na,0
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content (fig. 7) which nystematic increase is also reflected in the
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Fig. 1 Yin and Yyp A8 functions Fig. 8 Yy 28 function
of Na,0 content. of temperature.

pressure and temperature derlvative values. The high-temperature limiting
values of mode Oruneisen parameter, Yype ©&n be evaluated from pressure
dependence of veloclties (ref. 13). The values of Yyp lncrease more
rapidly than Yeh does with increasing Na20 content (fig. 7). Although the
Yy values are negative and larger than the Yen values, both Gruneisen
parameters increase when Na20 18 added to the silica structure.
Temperature dependence of Yeh in the range of 298-498° X is shown 1in
Fig. 8. 1In fused silica and the lower soda-content glasses, the Yeh value
is more or less temperature-invariant. For higher soda-content glasses,
Yeh increases more rapidly with temperature.
k., Ultrasonic Attenuation. Large ultrasonic attenuation occurs in simple
inorganic oxlde glasses such as 510,, (GeOy, 8203, and AS2O3 at various
temperatures In the range from v50° to ~250° K (refs. 14-21). Anderson
and Bdmmel (ref. 13) proposed a structural relaxation mechanism to explalr
the attenuation spectrum for fused J.hica at low temperatures. According
to them, thermally activated lateral shifting of an oxygen atom between
two equivalent equilibrium positions, perpendicular to the 81-0-51 bond,
1s a source of structural relaxatlon which also explains the negatlve
thermal expanslon and excess aspecific heat anomalles at low temperatures
in fused sllica. An alternate mechanism, which involves the movement of
the oxygen atom in the direction of the S51-0-S1 bond rather than perpendi-
cular to 1t, has been proposed in a two-bond-length model (refs. 15-16).
Compared to the amount of work on fused silica, very little work has
been done on the study of relaxational processes in sodium sillcate glasses
except at low frequencies (.0l and 10 Hz) where the attenuation occurs due
to lonic migration of Nat (refs. 17, 22) and possibly oxygen ions (refs.
22-24). The Nat-migration relaxation is a stress-induced phenomenon,
resolvable at frequencies of the order of KHz.
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Figures 9 and 10 show the composition dependence of longitudinal and
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Temperature dependence of Temperature dependence of :
attenuation (longitudinal mode). attenuation (shear mode). }
mgég : shear attenuation at 30 MHz, respectively, for the Na20-8102 glasses at f

ambient conditions. As seen, the attenuation due to shear-wave propaga-

tion 1s approximately twice that due to longitudinal-wave propagation, !

which supports the previous conclusion (ref, 19) that the loss is in large

part sensitive to shear distortion. The temperature dependence of longl-
. tudinal and shear ultrasonic attenuation are plotted in Flg. 11. The
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Fig. 11 VUltrasonic attenuation as Fig. 12 Peak attenuation tempera- i
function of Na,0 content. ture versus N320 content. )

present 30 MHz attenuation data for fused sllica are in good qualitative
agreement with previous 20 MHz data (ref. 14, 16, 21) with respect to the
shape of the attenuation-temperature curve, although our attenuation val-
ues at 30 MHz are larger. Figures 9 and 10 show increasing broadening of
the attenuation peaks with increasing concentration of Na20. This is
probably due either to thermal broadening (ref. 14) or to a wider distri-
bution of activation energy; the width of the loss peak (e.g., in fused
silica; refa. 1, 16) has been interpreted in light of the distribution
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One of the most interesting findings of this study is the shifting of
the peak attenuation temperature (in the low-temperature range) with in-
creasing Na20 content; the peak attenuation temperature for each glass 1is
indicated by an arrow (figs. 9 and 10). Because of the broadness of the
attenuation curves, there 13 significant uncertainty in determining the
peak temperatures. Also, since the peak attenuation temperatures for
glasses X110 and K111 would fall below 80° K--outside the temperature
range of this study--the peak attenuation temperatures for these glasses
were estimated by extrapolating the attenuation versus temperature curves
(Figs. 9 and 10); hence the relationship shown in Fig. 12 1s subject to
further uncertainty.

However, compared to the peak attenuation temperature of 47° K for
fused silica (refs. 14, 16), the peaks for the Na,0-510, glasses certainly
appear to be composition-dependent. Since the peak attenuation tempera-
ture increases with increase in the Na20 content, the effect of adding
Na20 to SiO2 is opposite that of adding Na20 to Geo2 (ref. 11), although
there are structural similarities between fused 510, and GeO, (both
glanses have tetrahedral structures).

For the low-temperature structural relaxation mechanism, such as that
present in fused silica (ref. 14) and presumably also in the N320-8102
glasses, it would be of interest to compute from the frequency-dependence
of the peak attenuation temperatures the most probable activation energles
for different concentrations of Nazo. However, as attenuatlon data at
different frequencies are not yet available for these glasses, no attempt
can be made to calculate the activation energles for these glasses (for
fused silica, activation energy is ~1030 cal/mole; ref. 14). However,
from the shift of the peaks to higher temperatures (Fig. 12), it 1s sug-
gested that in some systematic fashion the activation energy increases with
Na,0, contrary to that £ound for the Na,0-Ge0, system (ref. 11). Although
the high-temperature Na® relaxation (>250° K) seems to obscure the low-
temperature side of the attenuation curve, at least, for higher N320
content glasses, it is clearly inferred from the magnitudes of attenuation
curves of the Na20-8102 glasses (figs. 9 and 10) that the magnitude of
attenuation, and thereby relaxation strength, decreases with increasing
Nazo. As a phenomenon, this behavior can be interpreted on the basis of
a structural model in which the N820 molecule modifies the existing
S1-0-81 bonding sites. This modification may result in the formation of a
weaker Si~O-Na bond or an unbridged Si-0- bond. The former would impede
the movement of the oxygen atoms, and since movement of the oxygen atom is
the cause of attenuation this would result 1in decrease in the attenuation,
accompanied by the increase in the activation energy as revealed by the
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shifting of the attenuatioa peak to higher temperatures. The latter
modification would, however, make no contribution to attenuation, In
other words, a loosening of structure occurs with the addition of soda,
which 18 in agreement with the low frequency internal friction work
(rer. 22).

In high-soda glasses, at 30 MHz, one would expect to find Na*
relaxation at temperatures above room temperature. Near room temperature
(Figs. 10 and 11), the temperature-dependence of both longitudinal and
shear attenuation increases with increasing Na20. The effect of composi-
tion on the internal friction at much lower frequencies (.0i-Hz) for Na,0-
SiO2 glasses studled by Forry (ref. 22) shows a decrease both in intensity
and peak temperature as Na20 content increases, In light of this and our
results, it may be concluded that the expected high-temperature attenuation
peak 13 shifting toward lower temperatures with increasing Naao. A similar
shift in Na+ relaxation temperatures has also been observed in the Nazo—
GeO2 glasses (ref. 11). This type of high-temperature relaxation requires
large activation energy compared to low-temperature structural relaxation.
Tt 1s desirable to investlgate further the composition dependence of Na+
relaxation at high temperatures and low frequencies in other types of
glasses,

5. Summary

a. Elastic moduli of Na20-SiO2 glasses and their pressure and temperature
derivatives vary systematically with compositlon. Increasing N320 content
results in decrease of p and E moduli. K modulus first decreases (n10%
Na20) and then increases with increase in Na20. Low-soda glasses exhibit
anomalous behavior under pressure and temperature. The degree of anomalous
behavior decreases with increasing Na20, 1.¢., the pregsure derivatives of
modull increase and the temperature derivatives decrease with increase in
Na20.

b, The Grunelsen parameters Yep @nd yyp lnerease with Na,0. The disparlity
between the Yih and Yy values decreases us Na20 increases; at 70 mole %
Na20 glass composition, the two values are the same. Yeh increases with
temperature; the temperature dependence of Yen increases with increase in
Na20.

¢. At room temperature, shear-wave attenuation at 30 MHz 1s larger (a2

times) than the longitudinal-wave attenuation; both types of losses, howe -

ever, increase with Nazo.
d. The low-temperature attenuation peak (due to structural relaxation)
observed in fused silica at ~l7° K 1s also found in Na20—8102 glasses, The

peak attenuation temperature is found to increase with increase in Naao,
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indicating that the activation energy is increasing with Nazo, contrary to
what has been previously reported for Na,0-0e0, glasses (ref. 11). The
attenuation-temperature curves at these low temperatures show a reversed
relationship compared to that found at room temperature, i1.e,, the attenua-
tion peak height decreases with increasing Nazo. Explanation is of'fered
in terms of the formation of S1-0-Na bonds, which arc weuker than S1-0-81

» bonds.
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